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Abstract 
 
As recently developed products with many unknown aspects, the effect of nanoparticles on 
the natural environment is of growing concerns among environmental scientists and the wider 
community. Both the fate and behaviour of the nanoparticles in the environment and their 
effects on the living organisms need to be better understood in order to maintain 
environmental health and ensure the sustainability of the important nanotechnology industry. 
This dissertation focused on the effects of gold nanoparticles on the environmentally relevant 
bacteria, Pseudomonas fluorescens, as a model of the planktonic bacterial biomass in the 
environment.  
A bottom - up chemical method was deployed to synthesise constrained gold nanoparticles of 
a variety of sizes and with two different coating agents (citrate and polyvinylpyrrolidone 
(PVP)) followed by a series of characterisation steps both pre and post bacterial exposure. 
Citrate capped gold NPs were synthesized by citrate reduction of HAuCl4.3H2O at 100 
o
C. 
The synthesis of AuNPs capped with PVP was carried out at both room temperature and 70 
o
C to compare the effect of the temperature on the quality of the final NPs. Nanoparticles 
were characterised by measuring their relevant physicochemical properties. Among the 
determined properties are size, shape, zeta potential, surface charge and stability in 
environmentally relevant ionic strength and in bacterial growth media. 
The freshly synthesized gold nanoparticles remained stable for at least six months. The citrate 
capped gold nanoparticles (AuNPs) were less stable in environmentally relevant ionic 
strength solutions and in bacterial growth media than the PVP capped gold nanoparticles. The 
citrate capped gold NPs formed aggregates which are much bigger than 100 nm in the 
solutions of ionic strength as low as 16 mM and in full strength of bacterial growth Media 
III 
 
(Minimal Davis Media) while the PVP capped gold NPs remained stable in size and in shape 
in the above mentioned solutions and in solutions of ionic strength as high as 80 mM. 
 
Fully characterised gold NPs were incubated in the bacterial exposure media minimal Davis 
media (MDM). The effects of the gold nanoparticles on the bacteria were investigated both 
via measurements of bacterial growth inhibition (optical density at 595 nm) and by visual 
examination of the structural damage of the bacterial membrane using transmission electron 
microscope (TEM). 
The citrate capped AuNPs of (14 nm core size) of 10 ppm final concentration in the exposure 
media had no measureable effect on the bacterial growth as no inhibition was recorded when 
compared with control samples. Similarly no membrane damages were shown by the TEM 
images of the bacterial cells incubated with citrate capped NPs, while similar concentration 
and comparable sizes of PVP capped gold NPs have affected the bacterial growth. This effect 
was manifested through the reduction of optical density and was demonstrated by the 
transmission electron microscope (TEM) images in the form of membrane damage including 
blebbing formation, tubular structures on the surface of the outer membrane of the bacterial 
cells and, in severe cases, the complete bursting of bacterial cells. It was found out that gold 
ions inhibit completely the bacterial growth as shown by optical density measurements. 
In conclusion, this research has confirmed the effect of gold nanoparticles on the planktonic 
bacteria Pseudomonas fluorescens. The importance of the surface chemistry of the 
nanoparticles on the bacteria was clearly shown since NPs with similar concentration and 
core size but with different coating agents showed different effect on the bacteria. 
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Chapter 1: Introduction 
 
Nanoparticles (NPs) are building blocks of nanotechnology and are referred to a natural, 
incidental or manufactured material containing particles, in an unbound state or as an 
aggregate or as an agglomerate and where, for 50% or more of the particles in the number 
size distribution, one or more external dimensions is in the size range 1 nm – 100 nm 
(European, 2011). It is important to understand that the abovementioned  definition of the 
nanoparticles is mainly for regulation purpose and there are other definitions given by other 
institutions (SCENIHR, 2007, Dowling, 2005). Throughout the thesis the European Union 
definition will be used. The source of NPs can be both natural and anthropogenic (man-
made). Natural nanoparticles have been present in the environment for millions of years and 
they have been generated by a number of natural processes including weathering, erosion, 
volcanic eruption, hydrolysis and biological activities. Recently, however, several sources 
have resulted in an increase in anthropogenic nanoparticle formation (Pratim and Chang-Yu, 
2005): among the different activities that contributed to the augmentation of the nanoparticles 
in the environment are: coal fired combustions, transportations, welding processes followed 
by more recent processes where engineered nanoparticles are designed and produced 
deliberately (see Figure 1-1). 
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Figure 1-1: Schematic diagram illustrating source, release and the presence of the nanoparticles in the environment 
(Pratim and Chang-Yu, 2005). Reprinted with the permission from copyright 2005 Taylor and Francis. 
Engineered nanoparticles are the backbone of  modern nanotechnology where research and 
development are growing very fast and attract substantial funding both from public and 
private sectors (Joner et al., 2008). Particles in the nanometer-size ( 10
-9
 m) range have gained 
much attention due to their fascinating electrical, optical, magnetic and catalytic properties 
associated with their nanoscale dimensions (Christof, 2001). Those fascinating, unique and 
novel properties make nanomaterials pysicochemically different and often superior to both 
the atomic and bulk materials of the same element. For instance, copper which is opaque at 
macroscale  becomes  completely transparent  to visible light at the nanoscale (Zong et al., 
2005, Shanmin and et al., 2003); stable materials like aluminium turn combustible 
(Shafirovich et al., 2006, Shafirovich et al., 2007); Gold, which is rarely insoluble in water at 
the macroscale, becomes more soluble in the nanoscale (Paolo Pengo, 2003). While a known 
insulator, silicon, becomes a conductor of electrical current at nanoscale (Hu et al., 2003), A 
material such as platinium, which is chemically inert at normal scales, can serve as a potent 
chemical catalyst at nanoscales (Luo et al., 2005, Tian et al., 2007). They have many 
applications varying from communications to catalysts, computing chips, nanomechanical 
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parts, photo sensors, novel platform for specific delivery of therapeutic agents, cosmetics and 
ant-aging drugs and they are attracted by a wide range of scientific researches in different 
fields of science ( Figure 1-2) (Ferrari, 2005, Templeton et al., 1999). 
 
 
Figure 1-2: Different  fields of application for nanaoparticles (Krumov et al., 2009). Reprinted with the permission from 
copyright 2009 John and Willey 
Therefore, both the number and type of the manufactured nanoparticles have amplified 
tremendously with the development of this new technology. Consequently, their 
concentration in the natural environment has increased proportionally since enormous 
amounts of products are being commercialised and marketed through the world and finally 
released directly or indirectly into the environment (Ray et al., 2009, Flahaut, 2010). This 
undesired presence of manufactured nanoparticles in the environment may augment if the 
recycling processes, waste management and monitoring activities are not effective enough to 
relinquish the leakage of nanoparticles into the environment. Although we may have some 
knowledge about the properties of synthesised nanoparticles during the synthesis process and 
in the commercial products, our understanding of their fate and behaviour in the natural 
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environment is still quite limited due to the complexity of the system and the need for further 
understanding is eminent (Ju-Nam and Lead, 2008). They can interact with other naturally 
occuring nanosized particles and produce new particles with unknown properties. Their 
surface chemistry may change due to the relevant environmental conditions.  
However, there is growing awareness and increasing interest in the fate, behaviour and 
environmental impact of the nano-scaled materials. To avoid past mistakes of the chemicals 
and different products (plastics, asbestos) designed and used without any clear understanding 
of their possible impact on the environment, researchers of today are now more than ever 
willing to understand the effects of nanomaterials on the environment before their use 
becomes widespread (Theodore, 2005). Once NPs are released they may end up in the 
different compartments of the environment which are: air, water, soil and living organisms. 
Since the physicochemical properties of these compartments are quite different, the NPs are 
more likely to behave differently in each compartment. Information about the NPs behaviour 
in any compartment will increase our understanding of the nanomaterials in the environment 
which, in turn, is essential to study any effects caused by the NPs in the environment 
including living organisms such microorganisms. 
1.1 Aims and Objectives 
 
The overall aim of this PhD project is to investigate the effect of gold nanoparticles as a 
model of engineered NPs on environmental abundant planktonic bacteria. The objectives of 
this study are: 
1.  to synthesise and fully characterise well constrained gold NPs. 
2. to study the fate and behaviour of gold NPs in bacteria growth media. 
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3. to investigate the effect of the nanoparticles core size on planktonic bacteria. 
4. to investigate the effect of the coating agents (surface chemistry) of the NPs on the 
bacteria. 
During the first stage of the investigation, gold nanoparticles of different sizes and different 
coating agents will be synthesised and thoroughly characterised using a variety of different 
but complementing analytical and imaging techniques. Prior to the exposure of the NPs to the 
planktonic bacteria, their behaviour in liquid bacteria growth media are studied in terms of 
size, shape, aggregation, overall charge and surface plasmon resonance. In media 
characterisation step of the NPs is essential to study whether the NPs keep their original 
physicochemical properties in the media. Then fully characterised gold nanoparticles were 
used to test the effect of both size and coating agent on planktonic bacteria. The chosen strain 
for this study is pseudomonas fluorescens SBW25, a widespread, bacterium which is very 
helpful for both plants (agriculture) and humans (it produces antibiotics). Special care is 
taken to the core size of nanoparticles so that the possible effect of coating agents can be 
determined and compared. Increasing knowledge about these kinds of systems extends our 
understanding of the effect of the NPs core size and their surface chemistry on bacteria and 
can facilitate the prediction of the effect of similar nanoparticles on similar bacteria. 
1.2 Outline of the dissertation  
 
This PhD thesis consists of seven chapters whose topics are summarised below: 
Chapter 1 introduces the concept of nanoparticles and describes both the aims and objectives 
of the thesis. It also gives clear outline of the thesis chapters as follows. 
6 
 
Chapter 2 highlights a general background of nanoparticles. After a detailed description of 
the types and origin of the nanoparticles, their fate and behaviour in natural environment is 
examined. After that, outlined are the possible difficulties imposed by the complex natural 
system which may make almost impossible to gain accurate understanding of their expected 
effects on the living organisms. Special attention is devoted to the effect of the nanoparticles 
on the bacterial biomass which is an integral part of the environment.  
Chapter 3 addresses the variety of methods used to perform the project. It gives a short 
description of gold nanoparticles syntheses methods followed by characterisation techniques. 
Metal nanoparticles can be prepared by physical methods like evaporation of a metal in a 
vacuum or laser ablation, or by chemical methods involving the reduction of metal salts. All 
nanoparticles used in this project are prepared by the chemical method. After the reduction of 
gold ions into gold atoms, the resulting gold nanoparticles need to be stabilised. This can be 
achieved either sterically using relatively big molecules such as polymers or by charge. In 
this project, Sterically stabilised gold nanoapraticles are synthesised using PVP as coating 
agents and NaOH as reducing agents in room temperature while charge stabilisation of the 
gold nanoparticles is achieved by using sodium citrate as capping agents as was introduced 
by Turkevich (Turkevich, 1951) and modified by Frens (Frens, 1973) and others (Kumar et 
al., 2006). The synthesised NPs are fully characterised using a variety of analytical and 
imaging techniques. Among the techniques used to elucidate the physicochemical properties 
of the nanoparticles are transmission electronic microscopy (TEM), atomic force microscopy 
(AFM), dynamic light scattering (DLS), and ultraviolet-visible spectroscopy (UV_VIS). To 
study the bacterial growth and to investigate the effect of the NPs on the bacteria, optical 
densities of bacteria treated with NPs and untreated bacteria are recorded and compared. 
TEM and  imaging of the outer membrane of the bacteria will help to visualise any membrane 
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damage caused by the NPs. Similarly, fixation and sectioning techniques of the bacteria cells 
followed by TEM imaging will serve to observe internalisation of the nanoparticles in the 
bacterial cells. 
Chapter 4 presents the results of the synthesised gold nanoparticles. The focus is to 
synthesise a wide range of sizes of gold nanoparticles with different coating agents. Two 
coating agents (PVP and sodium citrate) are used and for each one a range of different sizes 
are achieved and fully characterised. This chapter investigates the physicochemical properties 
of the synthesised gold nanoparticles in terms of size, shape, charge and electrophoretic 
mobility and tries to discover any patterns in the data. Special attention will be devoted to the 
quality of the data in terms of monodispersity, roundness and stability. 
Chapter 5 investigates the stability of goldnanoparticles in the bacteria growth media 
(Minimal Davis Media) through complete post exposure characterisation in terms of relevant 
physicochemical properties. The effect of the fully characterised NPs on the bacteria is also 
studied in this chapter. The growth inhibition of the bacteria caused by the NPs is studied by 
recording the optical density (OD) of the bacterial population with spectrophotometer. This 
chapter aims to visualise the distribution and stability of the NPs in the bacteria suspension 
media using TEM image measurements.  
Chapter 6 studies the interaction of the synthesised and characterised gold nanoparticles on 
the bacterial outer membrane. TEM and images of treated bacteria with different types of 
gold NPs are used to observe any membrane damage caused by the NPs. Internalisation of the 
gold NPs in the bacterial body is also studied though fixation and sectioning techniques. 
Chapter 7 summarises the general findings of the PhD project and draws analysis of the 
results followed by some useful suggestions for future work in the field of the fate and 
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behaviour of nanoparticles in natural environment especially the interaction of the NPs on the 
bacterial biomass which forms an integral part of the environment. 
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Chapter 2: Research Background 
 
2.1 Types and the origin of the nanoparticles (NPs)  
 
To have an idea of the scale of the nanostructured materials, Figure 2-1  below puts the size of 
nanoscale regime materials into perspective and compares them with some well-known 
objects. There are a number of ways, based on different aspects, that NPs can be classified 
into groups. Considering their origin, they can be divided into natural and anthropogenic 
(man-made) which, in turn, can be subdivided into accidental and engineered or 
manufactured NPs (see Table 2-1 below) or they can be further separated, based on their 
chemical composition, into organic (carbon containing) and inorganic(Nowack and Bucheli, 
2007).  
As the name clearly implies, natural NPs are a group of nanosized materials which are 
generated by the action of natural processes and have been present in the natural environment 
for a very long time since the origin of the planet Earth. In addition to natural NPs, earlier 
human activities like mining, agriculture, forest burning and constructions have tremendously 
increased the concentration of accidental nanoparticles into the environment especially into 
the atmosphere. Despite the fact that NPs have been present in the environment for millions 
of years as natural and later as accidental NPs, it was not until quite recently that their interest 
in both pure and applied sciences have been extensively exploited due to the discovery of 
their promising, novel and applicable properties which make them attractive for a vast 
number of products in a wide range of scientific researches and for many sectors of the 
modern technology.  
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Figure 2-1:  Schematic representation of the size of some objects in nanometers scale. 
(http://publications.nigms.nih.gov/chemhealth/cool.htm, 2011) 
Nanostructured materials behave differently and are often superior in properties to bulk 
materaials due to two primary factors: surface effects (enhanced surface phenomena caused 
by the very high surface area to volume ratio. Most atoms are on or near the surface thus they 
can be weakly bonded and more reactive)  and quantum effects (discontinuity in behaviour 
caused by the confined delocalised electrons on the surface of the NPs due to their small 
dimensions) (Roduner, 2006). Those properties affect the overall physicochemical properties 
of the nanoscale materials in a way that they demonstrate novel and unprecedented 
properties. Nanotechnology takes the advantage and exploits these aforementioned unique 
properties of nanoscale matter to design, translate and apply science to plenty of useful 
products. This new technology forms the basis of a wide interdisciplinary area of research 
development and industrial activity that has been growing fast throughout the world  for the 
past few decades (Aitken et al., 2006).The importance of nanotechnology in today’s modern 
society is clearly explained by both the variety of scientific and technological applications 
using nanoparticles (Fabrega et al., 2009) and by the magnitude of the exponentially growing 
investments in this field, allocated by public and private sectors worldwide. 
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Quantifying  the accurate scale of  these investments is not an easy task but some forecasts 
have estimated  the worldwide market for nanotechnology related products at around £ 105 
billion in 2005 and £ 700 billion in 2010 (Taylor, June 2002,) and about $1 trillion by 2011-
2015(Roco, 2005).The USA is the leading country in this relatively new field of technology 
followed by countries like China, Japan, the European Union  and South Korea. The above 
mentioned prediction made by Roco in 2005 for a worldwide nano-products value of $ 1 
trillion by 2011-2015 still appears to hold in 2011(see Figure 2-2 ) which shows that the 
market is doubling every three year as a result of successive introduction of new nanoscale 
products (Roco, 2011) 
 
Figure 2-2: market timeline : projection for the worldwide  products that incorporate nanotechnology (Roco, 2011). 
Reprinted with the permission of copyright@ 2011, Springer science and business B.V. 
 
  
Although the term nanoparticle (see chapter 1 for its definition) is a general term used for 
nanoscale materials, there are a number of different types of nanoparticles. It is the task of the 
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following sections to attempt to give detailed description of the natural, accidental and 
engineered nanoparticles in terms of their properties, types and synthesis routes followed by 
their fate and behavior in the natural environment with special attention being paid to both 
aquatic environment and biomass population. 
Table 2-1: Classification of nanaparticles (Nowack and Bucheli, 2007). 
Type  Formation Examples 
Natural C-containing Biogenic Organic colloids Humic, fulvic acids 
   Organisms Viruses 
  Geogenic Soot Fullerenes 
  Atmospheric Aerosols Organic acids 
  Pyrogenic Soot CNT 
    Fullerenes 
    
Nanoglobules, onion-shaped 
nanospheres 
 Inorganic Biogenic Oxides Magnetite 
   Metals Ag, Au 
  Geogenic Oxides Fe-oxides 
   Clays Allophane 
  Atmospheric Aerosols Sea salt 
Anthropogenic 
(manufactured, 
engineered) 
C-containing By-product 
Combustion by-
products 
CNT 
    
Nanoglobules, onion-shaped 
nanospheres 
  Engineered Soot Carbon Black 
    Fullerenes 
    Functionalized CNT, fullerenes 
   Polymeric NP Polyethyleneglycol (PEG) NP 
 Inorganic By-product 
Combustion by-
products 
Platinum group metals 
  Engineered Oxides TiO2, SiO2 
   Metals Ag, iron 
   Salts Metal-phosphates 
   Aluminosilicates Zeolites, clays, ceramics 
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2.1.1 Natural nanoparticles 
 
Natural NPs are ubiquitous and they are  distributed throughout the atmosphere, oceans, soil 
systems, terrestrial water systems (groundwater and surface water), and in and/or on most 
living organisms both at the micro and macro levels and have been present in the 
environment forever (Theng and Yuan, 2008, Hochella et al., 2008). They have been formed 
mainly by the effect of naturally occurring physical, chemical and biological processes such 
as hydrolysis, erosion, weathering, volcanic eruption, sea spray, photochemical reactions, 
growth nuclei in super-saturated fluids, plants roots on rocks, minerals and microrganisms. 
Forest fires, as volcanic eruptions, for instance, can spread ash and smoke over thousands of 
miles and lead to an increase  in particulate matters, including NPs, exceeding ambient air 
quality standards (Sapkota et al., 2005).  
In many environments , biogenetic nanoparticles are formed directly by microorganism to 
fulfil metabolic requirements (Suzuki et al., 2002, Schüler and Frankel, 1999) or as an 
indirect result of microbial activity (Glasauer et al., 2002, Hansel et al., 2004, Banfield et al., 
2000). Dominant phases of the natural NPs include: Iron oxides/hydroxides, aluminum 
oxides/hydroxides, clay minerals (hydrated aluminosilicates of K, Mg, Fe etc.) and silica. 
Biological activities also assemble following the bottom up process- a wide range of carbon - 
containing NPs including humic substances, building molecules, functional enzymes, coal, 
and produce nanoorganisms such as bacteria, viruses, cells and their organelles. Though we 
usually associate air pollution with human activities such as transportation, industry, and 
charcoal burning, natural events such as dust storms, volcanic eruptions and forest fires can 
produce such vast quantities of nanoparticulate matter in the atmosphere that profoundly 
affect air quality worldwide (Buzea et al., 2007). Therefore, the exposure of human and other 
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living organisms to nanoscale particles is not as recent as the new field of nanotechnology 
which is more based on the ever increasing production of the engineered nanoparticles which 
are produced to serve for special purpose and may manifest different properties than above 
mentioned natural NPs. 
 
2.1.2  Accidental nanoparticles 
 
Human activities have been releasing different forms of nanoparticulate matter for millennia 
as by-products of some activities which were essential for their survival such as agriculture, 
construction, food cooking, mining and mineral processing. However, accidental NPs input to 
the environment  has risen sharply and dramatically since the beginning of the Industrial 
Revolution in the mid 18
th
 century and after due to manufacturing emissions, nuclear waste 
generation and the combustion of fossil fuels (Wiesner et al., 2009). Diesel and automobile 
exhausts are the primary source of atmospheric nano-and microparticles in urban areas 
(2002). Since their productions are spontaneous, uncontrolled accidental nanoparticles are 
more likely to be polydisperse /heterogeneous and have irregular shapes. They contain 
sulfide, sulphate, nitrate, ammonium, organic carbon, elemental carbon  and trace metals 
(Sioutas et al., 2005). 
2.1.3 Engineered nanoparticles 
 
The modern nanotechnology exploits the novel nanoscale properties of nanoparticles which 
has lead to the production of a vast amount of engineered NPs. Engineered NPs are 
deliberately manufactured  by human activities to serve for special purposes and they are 
different from both incidental NPs that are produced as a side product of human activity, for 
example, from industrial processes or transport  and from natural NPs, for example, humic 
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substances, produced from weathering, microbial action or chemical hydrolysis (Lead, 2010). 
Engineered NPs can be divided into a number of classes and not as a single homogeneous 
group. Based on their core materials, these manufactured nanomaterials can be classified into 
organic and inorganic. Organic NPs can be further defined as fullerenes (C60 and C70 and 
derivatives) and carbon nanotubes (multi-walled or single walled CNTs), while inorganic 
NPs can be sub-divided into metal oxides (of iron, zinc, titanium, cerium etc), metals (mainly 
silver and gold) and quantum dots (such as cadmiumselenides) (Ju-Nam and Lead, 2008). A 
brief description of the sources, applications and properties of each of these subgroups will be 
given in the next sections.  
2.1.3.1  Production  of engineered nanoparticles  
 
Many different techniques have been developed and employed to generate metal 
nanoparticles, including gold nanoparticles. Those techniques for preparing nanoparticles 
have advanced rapidly over the recent decades and continue to evolve leading to more and 
improved control over the size and shape of the particles generated. Two fundamentally 
different approaches towards the controlled generation of nanostructures have evolved 
irrespective of the field or discipline (Shenhar and Rotello, 2003). The bottom up method (the 
chemical approach), where the atoms (produced from reduction of ions) are assembled to 
generate nanostructures, and the opposite approach, the top down method, also known as the 
physical method, where material is removed from the bulk material through grinding, milling, 
chemical methods or volatilisation of solid material followed by condensation of the vapour 
components, leaving only the desired nanostructures.  
Both approaches can be implemented in either gas, liquid, supercritical fluids, solid states, or 
in vacuum. Most of the manufacturers are interested in the ability to control one or more of 
the following aspects of the nanoparticles: a) particle size b) particle shape c) size distribution 
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d) particle composition and e) degree of particle agglomeration. An important aspect of both 
approaches is the stabilisation of the particles to avoid aggregation and coalescence (Ju-Nam 
and Lead, 2008). Stabilization can occur in many different ways but primarily aggregation is 
prevented by electrostatic repulsion or steric hindrance. Two of the most important issues 
confronting nanocrystal synthesis are obtaining a purposeful control over the nanocrystal 
mean size and routinely producing narrow size distributions (Shields et al., 2010).  
The synthesis of small, monodisperse nanoparticles is a major challenge in nanotechnology 
research. Similar particles experience increased driving forces to aggregate to diminish 
surface energy. So, protective coating or capping is necessary during synthesis to keep them 
in a finely dispersed state (Sardar et al., 2009). Both methods have inherent advantages. Top 
down assembly methods are currently superior for the possibility of interconnection and 
integration, as in electronic circuitry. Bottom-up assembly is very powerful in creating 
identical structures with atomic precision, such as the supramolecular functional entities in 
living organisms(2006). They can also be combined to achieve the material of specific 
physicochemical properties (Cigang and et al., 2006).  
2.1.3.2 Examples of engineered nanoparticles  
 
Since the invention of the nanotechnology few decades ago, different types of nanosized   
materials with different application have been produced and commercialised to take the 
advantage of their novel properties.  The following sections will provide examples of the 
engineered nanoparticles, their synthesis processes and their applications. 
2.1.3.2.1 Fullerenes and Carbon nanotubes 
 
 Fullerenes, also called as Buckminsterfullerene, are spherical cages composed of 60, 
70  or 80 carbon atoms, which are bound to three other atoms in sp
2 
hybridation and each 
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atom has the remaining electron of the four outer shell electrons free. Unlike diamond (which 
is another allotrope of carbon), fullerenes can conduct electricity due to free electrons on its 
surface and in this respect has similar properties to graphite. Although fullerenes can be 
found spontaneously in the nature as by-products of combustion reactions, it was first 
synthesized  in 1985 (Kroto et al., 1985). Since then, many processes for the production of 
fullerenes of different sizes have been developed including arcing of graphite, combustion of 
hydrocarbons, thermal and non-thermal plasma pyrolysis of coals and hydrocarbons and 
thermal decomposition of hydrocarbons (Huczko and Byszewski, 1998). 
 
Figure 2-3: Structure of Fullerene C60 molecule. Purple balls represent the places of carbon atoms(Buseck, 2002). 
Reprinted with permission from copyright 2002 Elsevier. 
Fullerenes have many applications, including lubrication, superconductors, semiconductors, 
photoconductors, optical limiters and atom encapsulation. Since fullerenes are empty 
structures with dimensions similar to several biologically active molecules, they can be filled 
with different substances and find medical applications. These include anti HIV- protease 
activity, photodynamic DNA cleavage, free radical scavenger, antimicrobial action and use of 
fullerenes as diagnostic agents (Mehta and Thakral, 2006, 2001). 
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 Carbon nanotubes are similar to fullerenes in structure and compositions but they 
have elongated shapes with 1- 2 nm in diameter. Using an arc-discharge evaporation method 
similar to that used for fullerene synthesis, they were first produced in 1991 (Iijima, 1991). 
Normally, carbon nanotubes are made of one sheet of graphite folded to form cylindrical 
single walled carbon nanotubes (SWCNT) (Iijima and Ichihashi, 1993) although multi walled 
carbon nanotubes (MWCN) (Iijima, 1991) can be formed by folding more than one sheet of 
graphite. 
 
Figure 2-4: Representation of SWCNT and MWCN at the top and their TEM images at the bottom(Donaldson et al., 2006). 
Reprinted with permission from copyright 2006 Oxford University Press. 
 At present, the three main methods employed for CNT synthesis are arc-discharge, laser 
ablation, and chemical vapor deposition (CVD) (Trojanowicz, 2006). Carbon nanotubes are 
light, chemically stable, have high strength, high aspect ratio (long length compared to a 
small diameter) and remarkable optical properties (Hou et al., 2002, Tersoff and Ruoff, 1994) 
and, because of these useful properties, they become ideal material for many applications. 
Nanotubes have attracted a considerable amount of interest in the past few decades due to 
their potential applications in large numbers of academic and industrial areas for diverse 
application possibilities (Cao and Rogers, 2009) ranging from nanoscale circuits to low 
voltage devices (Philip Wong, 2005), to light-emitting devices (Freitag et al., 2006), thermal 
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heat sinks (Kordás et al., 2007), electrical interconnects (Close et al., 2008), 
chemical/biological sensors (Kim et al., 2007b), ultra-strong fibers (Baughman et al., 2002), 
 high-power electrochemical capacitors, (Niu et al., 1997) gas storage components (Gadd et 
al., 1997, Rakhi et al., 2008), magnetic data storage devices  and drug delivery systems 
(Bianco and Prato, 2003). Waste products from the above mentioned various applications and 
their disposal to the environment will undoubtedly increase the presence of carbon nanotubes 
with unknown fate and behavior in the natural environment.  
2.1.3.2.2 Metal oxides NPs 
 
Metal oxides NPs are synthesized in a variety of ways such as laser ablation, ion 
implantation, chemical vapour deposition (CVD), photolithography ,thermal decomposition, 
sol-gel process or hydrothermal reaction method  (wolf, 2004). Nature is able to synthesize a 
variety of metal oxide nanomaterials as well under ambient conditions; the magnetic 
navigation device found in magnetotactic bacteria ( MTB ) is one such example (Lang et al., 
2007). As in the case of most NPs, metal oxide NPs are stabilized through surface 
modifications and the main compounds used for modifying them are phosphonates or silanes 
(Grancharov et al., 2005). Metal oxides form a class of special interest among inorganic 
nanoparticles and  due to their novel optical, electrical and magnetic properties (Shtykova et 
al., 2007) they have many applications including catalysis, sensors, electronic materials, 
biomedical diagnostics and environmental remediation (Oskam, 2006, Hoffmann et al., 1995, 
Kamat, 1993). Among metal oxide NPs, the following are those which have attracted most of 
the applications and, as a result, their concentrations in the natural environment are expected 
to be increasing. 
Iron oxide: the most common forms of iron oxide NPs are maghemite, γ-Fe2O3 and 
magnetite, Fe3O4 and, because of their supermagnetic  properties, they offer a high potential 
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for several biomedical applications, including tissue repair; drug delivery, magnetic 
resonance imaging (MRI) and hyperthermia (Arbab et al., 2003, Urs and et al., 2011, Widder 
et al., 1978, Perez, 2007). Various chemical routes have thus been proposed to synthesize 
ultra fine nanoparticles  of Fe2O3, including  the hydrothermal reaction method (Guardia et 
al., 2009), so l-gel process (Lu et al., 2002), chemical co-precipitation (Laurent et al., 2008) 
etc. 
Titanium oxide. Four crystal forms of titanium dioxide are naturally found: rutile, anatase, 
brookite and TiO2(B) (Wang et al., 2005) and they can be synthesized using the following 
techniques: co-precipitation, sol-gel synthesis process (Ramaswamy et al., 2008), chemical 
vapor deposition (Kawai-Nakamura et al., 2008), reverse micelle synthesis (Li et al., 2008), 
microemulsion synthesis process  (Rashidzadeh, 2008) and hydrothermal reaction method 
(Kim et al., 2006). It is also worth knowing that the transformation behaviour from the 
amorphous to the anatase or rutile phase is influenced by the synthesis conditions 
(Madhusudan Reddy et al., 2001). Because of their attractive properties including high 
refractive index, light absorption/scattering as well as its chemical stability and relatively 
low-cost production titanium dioxide, NPs are exploited by a variety of fields (Kim et al., 
2007a, Baldassari et al., 2005). Application fields of titanium oxide range from pigments 
(Pratsinis et al., 1996), to cosmetics, catalysts, (Chen and Yang, 1993) and photocatalysts 
(Rao and Dube, 1996), etc. 
Cerium oxide: A number of attractive properties, such as quantum effects, magnetic 
properties and catalytic capabilities that cerium oxides display at nanoscale make them ideal 
for a variety of useful applications in both materials science (Lewis, 2000) and in biology 
(Kataoka et al., 2001).In material science, cerium oxide NPs are widely applied as catalysis in 
fuel cell technology (Logothetidis et al., 2003), catalytic wet oxidation (Larachi et al., 2002), 
engine exhaust catalysts (Dario and Bachiorrini, 1999) and photocatalytic oxidation of water 
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(Bamwenda and Arakawa, 2000) or as precursors for ceramics and electro-optic devices. In 
biology, magnetic cerium NPs provide contrast in magnetic resonance imaging (Wilhelm et 
al., 2002, Mornet et al., 2004) and fluorescent quantum dots is an important tool  for 
biomedical diagnostics (Perez et al., 2002) and cell imaging (Cha et al., 2003, Chen and 
Gerion, 2004). The above mentioned applications led to a steady increase of the production of 
cerium oxide NPs which relies - depending on the specific application of the product- on 
numerous different synthesis  methods such as sol-gel, thermal decomposition, solvothermal 
oxidation, micro-emulsion methods, flame spray pyrolysis and microwave-assisted solvo-
thermal process (Ju-Nam and Lead, 2008). 
Zinc oxide: In recent years, nanoscale zinc oxides have received considerable attention due 
to their novel properties which are applicable in many fields including ultraviolet laser 
devices (Makino et al., 2002), piezoelectric nanogenerators (Wang and Song, 2006), chemical 
sensors (Müller and Weißenrieder, 1994), solar cells (Beek et al., 2004), antibacterial agents 
(Jones et al., 2008) and biomedical labels (Kuo et al., 2009). Zinc oxide is a wide-bandgap 
Semiconductor that displays luminescent properties in the near ultraviolet and visible region 
(Huang et al., 2001) and it can be doped with magnetic elements Co, Fe and Ni to store 
magnetic data. In the literature, several synthesis methods, such as thermal decomposition, 
chemical vapour deposition, laser ablation, spray pyrolysis, sol–gel method, hydrothermal 
synthesis, molecular beam epitaxy, etc. have been reported for the preparation of ZnO 
nanoparticles and films (Tarasenko et al., 2010). Surface modifications using appropriate 
organic compounds have also remarkably widened the existing applications or opened new 
ways of applying zinc oxide NPs (Guo et al., 2000). 
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2.1.3.2.3 Quantum dots:  
 
Quantum dots (QD) are very special group of semiconductors due to their small sizes ranging 
from 2 -10 nm. The number of atoms inside them may vary from just few atoms to hundreds 
or thousands depending on their desired final size. They are defined as particles with physical 
dimensions smaller than the exciton Bohr radius (Chan et al., 2002) which is the distance 
between exited electron and the hole formed in the ground  electronic state due to the 
excitation of the electron. QDs can be made from alloys of most semiconductor metals (e.g., 
CdS, CdSe, CdTe, ZnS, PbS) (Alivisatos, 1996, Bailey and Nie, 2003). The small size affects 
their electronic properties in a way that they form a special group of semiconductors which 
conducts electricity very fast. A quantum dot made of few atoms displays a big electronic 
band gap where the excitation of the electrons requires lots of energy and concurrently more 
energy in the form of fluorescence is released when electrons return to their rest state. This 
phenomenon gives the QDs optical properties which are different from the bulk material 
properties in the sense that their emission fluorescence wavelength can be altered by 
changing the size of the quantum dots. In principle, the smaller the quantum dots the more 
their fluorescence wavelength is shifted toward blue. QDs have been received as a new 
technology and, due to their unique electrical and optical properties, have many applications 
in a variety of fields including:  electroluminescent displays like light emitting diodes (LED), 
solid-state lighting , solar cells, biotechnology and medicine (Jamieson et al., 2007). 
 
2.1.3.2.4 Metals 
 
Nanoscale metals have manifested a number of size – dependent interesting properties which 
makes them different from both bulk and atomic scale materials of the same metal. They have 
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fascinated the mankind since ancient times due to their attractive optical properties as 
decorative dyes in ornaments and artworks (Daniel and Astruc, 2003). Their more recent 
applications exploit many aspects of their unique nanoscale optical, electrical and chemical 
properties  and range from catalysts (Jana et al., 1998), medical diagnostics (Mirkin et al., 
1996), ant-bacterial uses to water purifications (Pradeep and Anshup, 2009). Among the 
variety of ways used to synthesize metal NPs, the following methods are widely applied to 
tune their size and shape into a specific purpose: electrochemical reduction (Lee et al., 2011, 
Hirsch et al., 2005), photochemical reduction (Eustis et al., 2005), vapour deposition (Pandey 
et al., 2011), and chemical reduction using a reducing agent (Brust et al., 1994, Turkevich, 
1951, Frens, 1973). 
2.1.3.2.4.1 Silver nanoparticles. 
 
Among the different types of metal, nanoparticles silver is by far the most studied in the 
literature due to its wide  and rapidly growing application in a number of scientific areas and 
in consumer products (Tolaymat et al., 2010) and its known toxic effects on the environment 
and human health (Khaydarov et al., 2011). Its areas of application vary from textile 
engineering , catalysts (Lewis, 1993), medicine (Salata, 2004), , water treatment (Solov’ev et 
al., 2007) and disinfecting to electronics (Lee and Jeong, 2005) and biotechnology 
(Niemeyer, 2001). Well designed silver nanoparticles of various shapes and sizes can be 
achieved through a variety of different synthesis approaches using numerous capping agents 
depending on their applications. Of the above mentioned synthesis approaches the following 
ones are the most applied methods: photochemical methods, laser ablation (Lee et al., 2001), 
microwave processing (Soto et al., 2005), thermal decomposition of silver axalate 
(Navaladian et al., 2006), reduction of both inorganic and organic agents and electron 
radiation (Bönnemann and Richards, 2001). 
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2.1.3.2.4.2 Gold nanoparticles  
 
Elemental gold has many unique properties which have attracted and fascinated mankind 
since its discovery. Being very unreactive, gold does not turnish in the atmosphere and so 
keeps its attractive colour forever(Hutchings et al., 2008). That is one of the main reasons 
why gold has been used in shaping jewelleries. It has been used for many colourful, 
decorative, ceremonial and religious artifacts and has been a metal with a high monetary 
value. Colourful aqueous solutions of gold colloids date back to Roman times and were 
known to medieval alchemists as aurum potabile (Mellor, 1923). A Roman cup, called the 
Lycurgus cup, used nanosized (ca 50 nm) gold and silver alloys, with some Cu clusters to 
create different colours depending on whether it was illuminated from the front or the back. 
The cause of this effect was not known to those who exploited it. Michael Faraday was the 
first to recognise that the colour was due to the minute size of the gold particles (Faraday, 
1857). On February 5, 1857, Michael Faraday delivered the Bakerian Lecture of the Royal 
Society in London entitled “Experimental Relations of Gold (and other metals) to Light”. In 
his speech, he mentioned that known phenomena (the nature of the ruby glass) appeared to 
indicate that a mere variation in the size of its particles gave rise to a variety of resultant 
colours. Nearly a century later, electron microscope investigations on Faraday’s ruby-
coloured gold colloids have revealed that Faraday’s fluid preparations contain particles of 
gold of average diameter (6 ± 2 nm) (Turkevich, 1951). 
Although some scientists see the Faraday’s experiment as a landmark in the history of 
nanoscience and nanotechnology (Peter  and John Meurig, 2007) the chemical inertness  of 
gold as a bulk metal appeared to provide very little opportunities to open up new and exciting 
chemistries (Hutchings et al., 2008). The new field of nanotechnology made it possible to 
discover the unique properties of matter when subdivided to the nanoscale.  Gold at 
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nanoscale manifests a number of interesting physico-chemical properties that have fascinated 
many disciplines of science including: material scientists, catalysts, biologists, surface and 
synthetic chemists and theoreticians in great number. Today, in the 21st century, gold 
chemistry is based on solid ground regarding the preparation and characterisation of a wide 
variety of fundamental compounds with gold atoms and gold clusters as core units (Murray, 
2000, Peter, 2000, Gagotsi, 2006). The fact that gold NPs have been studied in many different 
scientific fields has led not only to a deep understanding of many of the physico-chemical 
features that determine the characteristic behaviour of these nanoscale gold nanoaprticles but 
also to invent, test and validate reliable novel procedures for the preparation, synthesis and 
characterisation of gold nanoparticles of basically any desired size and shape. 
The bottom up process  described in section 2.1.3.1 is by far more common and effective 
(Sardar et al., 2009) and has become a popular method in current nano-science and nano-
engineering. It has a number of potentially very attractive advantages. These include 
experimental simplicity down to the atomic size scale, the possibility of three-dimensional 
assembly and the potential for inexpensive mass fabrication (Brust and Kiely, 2002). The 
simplest and most common bottom up method employed for the production of the gold 
nanoparticles of different sizes is the reduction of Au(III) salt (usually HAuCl4) by sodium 
citrate in water. In this method, pioneered by Turkevich and co-workers in 1951(Turkevich, 
1951) and later refined by Frens in the 1970s (Frens, 1973) and more recently further 
developed by Kumar (Kumar et al., 2006).  It is generally accepted that the AuCl4
- 
ions are 
first reduced to atomic gold (Au), the concentration of which rises quickly to the super-
saturation level. Collision of the Au atoms leads to a sudden burst of nuclei formation which 
marks the start of the nucleation step. It is the attachment and coalescence  of those nuclei  
which results in the growth and formation of desired nanoparticles (Pong et al., 2007). Figure 
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2-5 illustrates the reduction, nucleation and growth steps during the formation of the 
nanoparticles. It shows that the reduction and nucleation are fast (>200 ms) while growth step 
is the rate determining step since it is much slower than the antecedent nucleation step. Many 
times, difficulty in controlling the nucleation and growth steps, which are intermediate stages 
of particle formation process may result in a broad particles size distribution (Bellloni, 1996). 
In the presence of various reactive polymers in the reaction medium, that is, polymers having 
various functional groups, the growing metallic particles are stabilized by the adsorption of 
the polymer chains onto the surface of the growing metal fragments, thus lowering their 
surface energy and creating a barrier to further aggregation (King et al., 2003). 
 
 
Figure 2-5:  Schematic illustration for the deduced process of gold nanaoparticles formation . Reduction and nucleation 
are faster processes than coalescence of nuclei (Polte et al., 2010). Reprinted with the permission from copyright 2010  
American chemical society. 
One important factor for understanding the behaviour of the natural particles in the 
environment and the bioavailability of heavy metals loaded on them is their interaction with 
microorganisms associated with biomass population. The nanoparticles could possibly be 
immobilised, absorbed, reacted or retarded by biomass in the environment. Since one of the 
main objectives of this project is to study the effect gold nanoparticles on planktonic bacteria 
the following section 2.2 will give a general introduction of the overall fate and behaviour of 
NPs in the environment. Section 2.3 will be devoted to give a comprehensive introduction for 
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the chosen bacterial strain and section 2.4  will highlight the interaction of the NPs on this 
strain. 
 
2.2 Fate and behaviour of the manufactured NPs in the environment 
 
The abundant use of NPs and their final disposal into the environment have raised lots of 
concerns within the scientific community regarding their fate and behaviour in the natural 
environment and their possible impacts on the living organisms. Overall, the need for 
understanding the role of nanoparticles in the environment is important to perceive the extent 
to which we are changing  the planet with the application of nanotechnology and to choose to 
address minimizing those changes (Wigginton et al., 2007).  
Some important questions that need to be raised when addressing nanoscience in order for it 
to be fully understood are: will manufactured nanoparticles from industry and other sources 
enter the atmosphere, soils, sediments or water(Mueller and Nowack, 2008)? If so, how 
persistent will they be, and in what concentrations will they occur (Gottschalk et al., 2009) 
and what form will they take? It is quite clear that large scale use of NPs 
(Woodrow_Wilson_centre, 2007) suggests that their presence in the environment will 
increase (Navarro et al., 2008, Barnes et al., 2010). Another important point of consideration 
is that once nanoparticles originated from different sources get their way in the environment, 
their properties will not remain the same due to their interactions with water, soil, air or with 
living organisms such as plants, algae fungus and bacteria. 
The key processes that govern nanoparticles behaviour in the aquatic environment are 
aggregation and dissolution, driven by size and surface properties of the materials which are 
mainly dependent on environmental factors such as temperature, ionic strength, pH, particle 
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concentration, and particle properties such as surface charge, size, coating agents, crystalinity 
, composition and shape ( see Figure 2-6 below) (Dunphy Guzman et al., 2006, Filella and 
Buffle, 1993, Lecoanet et al., 2004) . 
 
 
Figure 2-6: Schematic represantation of the key factors and processes that govern the behaviuor of the nanoparticles in 
the natural enviroement.(Misra et al., 2012). Reprinted with permission from copyright 2012 Elsevier. 
Surface properties determine the stability and mobility of NPs in aquatic and terrestrial 
systems and their interactions with the living organisms(Navarro et al., 2008). That is why 
manufactured metallic NPs are for example coated with inorganic or organic agents such as 
citrate, PVP, polyethelene glycol (PEG), or surfactants such as sodium dodecyl sulfate to 
stabilize them in the suspensions (Mafuné et al., 2000). It is clear now that those coating 
agents will influence, if not determine, the surface chemistry of these NPs and have impact 
on their behaviour in the environment. The effect of pH on the metallic NPs was clarified by 
the silver nanoparticles which transformed in size or state (soluble silver and silver ions) 
within minutes in low pH aqueous nitric acid with similar acidity to the natural environment 
(Elzey and Grassian, 2010). The ionic strength and pH ranges typical of most soils and 
surface waters present conditions under which clusters or aggregates of TiO2 with diameters 
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of several hundred nanometers to several micrometers are expected to form instead of 
monodisperse nano-TiO2 (French et al., 2009). 
On the other hand, naturally occurring organic materials may display disaggregation of NP 
such as nano-TiO2  and thus in the natural aquatic environment, the dispersion and mobility 
of TiO2 nanoparticles might occur to a much greater extent than predicted by laboratory 
measurements (Domingos et al., 2009b). Similar studies have indicated that Iron oxide NPs 
have been shown to change their solubility, stability, and aggregation behaviour in response 
to changes in pH and organic matter concentration with open, porous aggregates in the 
absence of standard Suwannee River humic acid (SRHA) and compact aggregates in the 
presence of SRHA (Baalousha et al., 2008). Organic substance may influence the behaviour 
of NPs in different ways. Humic substances are likely to form nanoscale coating on the 
surface of the solid NPs which stabilized the NPs through charge stabilisation (Tipping, 
1981) while longer fibrils are more likely to form bridges between NPs and increase 
aggregation via bridging mechanisms (Buffle et al., 1998). Different environmental 
compartments differ in many aspects in terms of the aforementioned factors which determine 
the ultimate fate and behaviour of NPs. It is the task of the following subsections (2.2.1 and 
2.2.2) to give clear introduction of the behaviour of NPs in both soil and water environments.  
2.2.1 Nanoparticles in soil 
 
Apart from the intrinsic characteristics of the nanoparticles which determine their behaviour, 
there is an equally important number of soil conditions which will have impact on their fate 
and behaviour. Soils are complicated structures of solid, liquid, gas, organic and inorganic 
components which result in the overall properties of different types of soils.  Soil chemistry, 
pH, type of minerals  and organic contents of the soil seem to have the most effect on the 
aggregations and transport of NPs in soil environment (Kretzschmar et al., 1997). In order to 
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fully understand the individual effects of the above mentioned factors and their combined 
impacts on the stability of nanoparticles and their ecotoxicology, detailed studies are 
necessary. Although there is a relatively substantial number of ecotoxicology and behaviour 
studies of nanoparticles in aquatic environment (Nel et al., 2006, M.N, 2006, Zhang et al., 
2008, Keller et al., 2010) currently, few studies have to date focused on the toxicity of NPs in 
soil environment (Yang and Watts, 2005, Tong et al., 2007) and their transport in terrestrial 
environment with the aim of providing to the science community relevant data for making 
acceptable prediction for the NPs behaviour and exposure pathways(Xu et al., 2008). This 
indicates that this field of research is in its early stage and little information is available for a 
profound understanding of the NPs fate and behaviour in soil.  
2.2.2 Nanoparticles in water: 
 
Despite the fact that nanotechnology is apparently quite a recent technology, the fate, 
behaviour and the impact of nanoparticles on aquatic environment is becoming an increasing 
concern that needs to be prioritized in order to facilitate quantitative ecological risk 
assessment which is not yet available for environmental chemists (Klaine et al., 2008). 
Therefore, it has attracted many researches and has been relatively extensively studied. 
Consequently, our knowledge in this  rapidly growing field has increased in the last decennia 
to a point that many researches in this field  have pointed out the possible ecotoxicologial 
impacts of NPs on the aquatic organisms (Lovern et al., 2007, Li et al., 2010a, Adams et al., 
2006). The ways of production and applications of nanoparticles in a variety of fields 
including consumer products make it inevitable that nanoparticles and their by-products end 
up in the aquatic environment (rivers, lakes, ground water, coastal waters) (Christian G, 
2004) through rain events, runoff, leaching , industrial waste and all urban water sewage. 
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Once NPs are in the aquatic environment, their fate and behaviour will be mainly determined 
by both their own properties and relevant environmental factors. As noted previously, 
dissolution, aggregation and subsequent sedimentation determine the ultimate fate of NPs. 
The main sinks and receptors of aquatic NPs are therefore sediments in which there are living 
benthic organisms (Klaine et al., 2008). Different waters will affect similar NPs in different 
ways depending on a number of factors such as pH, ionic strength, inorganic species, organic 
matter and others. Seawater and freshwater are the extremes of the aquatic mesocosms in 
terms of water properties including ionic strength and total organic carbon(TOC) which are  
two important factors for the stabilisation or aggregation of NPs. 
2.2.2.1 Fate and behaviour of NPs in freshwater 
 
Freshwater is a term generally used for the naturally - occurring water sources on the surface 
of the Earth such as lakes, ponds, rivers and icecaps and ground water like underground 
streams and aquifers. To define water as freshwater, it needs to have the concentration of 
dissolved salts less than 500 parts per million (ppm). General characteristics of different types 
of freshwater such as ionic strength, pH, natural organic matter, ionic composition and their 
combined effects will result in many transformations of nanoparticles such as reactions with 
biomacromolecules, redox reactions, aggregation, and dissolution which will alter the fate, 
transport, and toxicity of nanomaterials.  (Lowry et al., 2012). Although many studies have 
focused on the individual effects of the above mentioned factors, only few studies have 
addressed the behaviour of NPs in more complex aquatic matrices (Keller et al., 2010, 
Findlay et al., 1996, Gao et al., 2009). The pH of the aquatic media may influence the surface 
charge of the particles through protonation and deprotonation processes in various ways. The 
pH around the zero point charge of the particles will reduce repulsion forces between 
particles which keep them separate and subsequently facilitate aggregation as pointed out by 
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different studies (Piccapietra et al., 2011, Keller et al., 2010). The amount of dissolved ions in 
the media will determine the overall ionic strength wherein NPs are exposed. Nanoparticles, 
which owe their stability to the charge stabilization caused by (Liu and Hurt, 2010) repelling 
surface charges such as citrate coated NPs will show more aggregation than sterically 
stabilized NPs where bulk uncharged organic materials are adsorbed on their surfaces. Under 
high ionic strength conditions, the electrical double layer around the charge NPs shrinks and 
zeta potential approaches to zero value which facilitates fast agglomeration (Elimelech et al., 
1995). 
Natural organic matter (NOM) is ubiquitous in the freshwater and it can either increase or 
decrease the stability of NPs depending on the type of organic materials as stated in the 
previous section (section 2.2). Nanoparticles entering fresh water will inevitable interact and 
being transformed by water abundant organic matter naturally. This includes proteins, 
polysaccharides, and humic substances (HS) (Lowry et al., 2012, Kiser et al., 2012). Initial 
interaction of the NPs and organic matter and their subsequent mobility and behaviour in the 
environment is mainly dependent on the nature of coating agents on the surface of the NPs 
(Saleh et al., 2008). Coating of organic materials on the surface of the nanoparticles will 
influence on the speciation of the nanoparticles. Liu and Hurt have, for example, shown the 
decrease of ionic silver Ag+ when citrate-capped Ag NPs were coated with humic or fulvic 
acids  (Liu and Hurt, 2010). Since the ions show apparent toxicity on many organisms the 
decrease of ions will influence the toxicity of the NPs in aquatic environment. Recently 
published data aiming to understand the interaction of the organic compounds in the 
freshwater and the gold nanoparticles has indicated that the colloidal stability of the NPs in 
the absence of NOM is a function of capping agent, pH, ionic strength, and electrolyte 
valence. In the presence of NOM, the capping agent is a less important determinant of 
stability, and the adsorption of NOM is a controlling factor (Stankus et al., 2010). The effect 
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of coating agents on the stability and ion release of silver nanoparticles in natural surface 
water was investigated and the results have shown that sterically stabilized silver 
nanoparticles can persist longer as individual particles in natural water systems and thus will 
release silver more quickly and to a greater extent than would particles that aggregate quickly 
after entering the water (Li and Lenhart, 2012).This finding points out that sterically 
stabilsised NPs  release more ions and thus are more hazardous to the aquatic organisms than  
charge stabilised NPs ( citrate capped NPs) which are more likely to aggregate in 
environmental relevant conditions. 
Studies have shown that the size of small aggregates of NPs in waters with high total organic 
matter and low ionic strength will remain stable in water column and that no sedimentation 
takes place (Keller et al., 2010, Hyung et al., 2006). Aggregation or lack of it of nanoparticles 
determines the particles size and the fraction of ions in the water which are exposed to any 
aquatic organisms living inside the water column (Fabrega et al., 2011). In general 
aggregation is an important toxicity factor of all different types of nanoparticles (Wick et al., 
2007). Stability of nanoparticles in the water column increases the toxicity of the NPs while 
the aggregation mitigates their potential toxicity due to decreasing available surface area of 
the NPs and their reduced mobility (Kvitek et al., 2008, Bradford et al., 2009). 
2.2.2.2 Fate and behaviour of NPs in Marine water 
 
Most of the Earth's surface is water that is accumulated in ocean basins  
and covers 72% of the Earth’s surface. Due to the weathering process of rocks on the Earth’s 
surface, it contains more dissolved ion and has lower freezing point and higher density than 
freshwater. It conducts electricity better and is more basic. Coastal runoff and atmospheric 
deposition may contribute to the contamination of marine environment with chemical wastes 
including NPs. The abovementioned properties will apparently affect the behavior of NPs 
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differently than freshwater. Experimental evidences have highlighted that even a small 
increase of salinity of freshwater by adding seawater will increase aggregation followed by 
sedimentation and therefore less nanoscale colloidal concentration are left in the water 
column (Stolpe and Hassellöv, 2007). Similar investigation has concluded that singly 
dispersed 20 nm core size, citrate capped AgNPs in seawater and waters with greater than 
20 mmol L− 1 sodium chloride were unstable and formation of aggregates were recorded due 
to the charge screening by greater salt concentrations and the presence of divalent cations in 
the seawater (Chinnapongse et al., 2011). High aggregation rate and less dissolution of 
AgNPs in seawater as compared with deionised water was also reported (Chen and Zhang, 
2013). The zeta potential of the AgNPs in the seawater was less negative than in the 
deionised water. Zeta potential is measure of stability of the NPs, the higher the absolute 
value of the zeta potential of the particles the higher the repulsion forces between them and 
less likely that they form aggregates.  Similar results were reported for TiO2 nanoparticles in 
seawater for which rapid aggregation occurred in suspensions of TiO2 NPs to form 
micrometer size particle(Ates et al., 2013). Overall, the stability of NPs decreases in line with 
increasing salinity over the course of their transport along an estuary passing ultimately to the 
sea, due to a decrease in the repulsion forces by surface charge screening of counter-ions in 
the diffuse double layer(Lapresta-Fernández et al., 2012). 
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Figure 2-7:  Schematic diagram outlining the possible fate of nanoparticles (NPs) in the marine environment and the 
organisms at risk of exposure (Klaine et al., 2008). Reprinted with permission from copyright 2008 SETAC 
 
2.2.3 Ecotoxicology and the effect of nanoparticles on bacteria population 
 
Results from ecotoxicological studies have suggested possible ways that NPs can affect 
planktonic bacteria in different environmental mesocosms. A good summary of the 
performed researches on the toxicity of  different types of the NPs on  bacteria are given in 
Table 2-2 below adopted from the critical review of Kleine et al (Klaine et al., 2008). 
Literature review in the table was updated with more recent literature for all nanoparticles in 
the table. Table 2-2 clearly outlines that different NPs have different toxic effects on the types 
of bacterial species studied. Some NPs like silver, carbon containing fullurenes and carbon 
nanotubes manifest antibacterial effects on bacteria while others like Silicon oxide and gold 
have mild or low toxicity. The toxicity of NPs are found to be mainly size or surface area 
dependent (Nel et al., 2006). 
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Table 2-2: Toxic effects of nanomaterials on bacteria adopted from Klaine et al and updated with more recent references  
(Klaine et al., 2008). 
Nanomaterial Toxic effects References 
Carbon-containing fullerenes   
 C60 water suspension (nC60) Antibacterial to a broad range of bacteria 
(Lyon et al., 2006, Sayes et al., 
2004) 
 C60 encapsulated in 
polyvinylpyrrolidone 
Antibacterial to a broad range of bacteria 
(Kai et al., 2003) 
fullerene (C60) Slight  cell membrane damage on E. coli  (Wang et al., 2012) 
 Hydroxylated fullerene Bactericidal for Gram-positive bacteria (Rozhkov et al., 2003) 
 Carboxyfullerene (malonic acid 
derivatives) 
Bactericidal for Gram-positive bacteria due to 
fullerene insertion into the cell wall; inhibitory 
or ineffective against Gram-negative 
(Mashino et al., 1999, Biswas and 
Wu, 2005, Tsao et al., 2001) 
 Fullerene derivatives with  
pyrrolidine groups 
Inhibits the growth of Escherichia coli by 
interfering with energy metabolism 
(Mashino et al., 1999, Mashino et 
al., 2003a, Mashino et al., 2003b) 
 Other derivatives of C60 
Inhibit the growth of Mycobacteria; 
antimutagenic in Salmonella typhimurium; 
antibacterial 
(Babynin et al., 2002, Bagrii and 
Karaulova, 2001, Bosi et al., 2000) 
 Carbon nanotubes    
  Single-walled Antibacterial to E. coli, cell membrane damage 
(Kang et al., 2007, Wei and et al., 
2007) 
  Single-walled 
Inactivate bacterial cells of Escherichia coli, 
Pseudomonas aeruginosa, Bacillus subtilis, and 
Staphylococcus epidermis 
(Kang et al., 2009) 
  Multiwalled Cytotoxic to microbes (Biswas and Wu, 2005) 
Metallic    
 Quantum dots 
Penetrate cells by oxidative damage to 
membrane; uncoat-ed quantum dots toxic to E. 
coli and Bacillus subtilis 
(Kloepfer et al., 2005, Kirchner et 
al., 2005, Hardman, 2006) 
Quantum dots  
QDs enhanced the level of the reactive oxygen 
species in the bacterial cells and augmented the 
percentage of the cells with damaged and leaky 
membranes 
(Slaveykova et al., 2009) 
Quantum dots  
QDs disrupted the function of the cell 
membranes of E.coli 
(Lai et al., 2013) 
 Silver Bactericidal; viricidal 
(Morones et al., 2005a, Sondi and 
Salopek-Sondi, 2004) 
  (Lai et al., 2013)  
Silver  
Membrane disruption at 2ppm citrate capped 
AgNPs 
(Arnaout and Gunsch, 2012) 
Silver 
Inhibition of bacterial growth, antibacterial 
efficient of 98% 
(Liu et al., 2013) 
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Table 2-1: Continues  
Silver   Bacteroidetes and Proteobacteria  were 
sensitive to Ag NPs treatment 
(Sun et al., 2013) 
Silver  susceptibility of N. europaea to inhibition by 
AgNPs 
(Yuan et al., 2012) 
Silver  
induced high toxicity on Escherichia 
coli, Bacillus subtilis and Agrobacterium 
tumefaciens 
(Wang et al., 2012) 
 Gold Low toxicity to E. coli and Staphylococcus 
aureus 
(Nyberg et al., 2008, Zharov et al., 
2006, Goodman et al., 2004) 
Gold  
had hardly any effect on Escherichia coli, 
Bacillus subtilis and Agrobacterium 
tumefaciens 
(Wang et al., 2012) 
Metal oxides    
 Magnetite Low toxicity to Shewanella oneidensis (De Windt et al., 2006) 
 TiO2 
Accelerates solar disinfection of E. coli 
through photocata-lytic activity and reactive 
oxygen species (ROS); surface coatings 
photocatalytically oxidize E. coli, Micrococcus 
luteus, B. subtilis, and Aspergillus niger 
(Rincon and Pulgarin, 2004b, 
Rincon and Pulgarin, 2004a, 
Wolfrum et al., 2002) 
 TiO2 
TiO2 particle mixture showed high 
antibacterial action against S. aureus even at a 
low concentration. 
(Asahara et al., 2009) 
 MgO Antibacterial activity against B. sutbilis and S. 
Aureus 
(Huang et al., 2005) 
 CeO2 Antimicrobial effect on E. coli (Thill et al., 2006) 
 CeO2 Strain and size dependent growth inhibition  (Pelletier et al., 2010) 
 ZnO 
Antibacterial activity against E. coli and B. 
Subtilis 
(Sawai et al., 1995, Sawai et al., 
1996) 
ZnO 
Damages cell membrane and inhibits the 
growth of  E.coli 
(Padmavathy and Vijayaraghavan, 
2011) 
 SiO2 Mild toxicity due to ROS production (Adams et al., 2006) 
 
The data in Table 2-2 shows that silver is by far the most toxic nanoparticles in the list. All 
tested silver NPs have shown certain toxicity on the target bacterium while the toxicity of 
gold nanoparticles seems to be the lowest in the rank. Among the different types of the 
nanomaterials listed in Table 2-2  silver nanoparticles have so far been the most studied group 
in terms of ecotoxicology due to the long term known ant-microbial activity of the silver. 
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Silver nanoparticles can easily be synthesised and their surface chemistry can be modified by 
using different coating agents.  The effects of these functionalised silver nanoparticles on 
different organisms were studied by  a number of researchers and detailed review of the 
effect of silver NPs on different aquatic invertebrate, vertebrate and prokaryote species was 
given by Fabrega et al ( (Fabrega et al., 2011). 
Although the effect of gold nanoparticles on the bacteria was not studied as extensively as 
silver NPs, there is an increasing list of researches that are aimed to investigate the possible 
effect of gold NPs of different sizes and surface coatings on the environmental bacteria.  
Since the topic of this thesis is to study the effect of gold On Pseudomonas fluorescens  the 
available literature of the effect of gold nanoparticles on bacterial populations was presented 
and summarised in separate Table 2-3 below. 
Table 2-3: Toxicity of AuNPs on different strains of bacteria. 
Name of the 
bacteria 
Size of the 
AuNPs (nm) 
Shape of 
the AuNPs  
Coating agent  Toxicity References 
E. coli  2  Spherical  quaternary ammonium-
functionalized (cation) 
moderately toxic (Goodman et al., 
2004) 
E. coli  2  Spherical carboxylate-substituted (anion) quite nontoxic (Goodman et al., 
2004) 
Strapylococcus  
Capitis  
15 ± 1.2 Spherical Sodium citrate  No significant effect (Amin et al., 2009) 
E.coli  15 ± 1.2 Spherical Sodium citrate No significant effect (Amin et al., 2009) 
Streptococcus 
mutans 
80 Spherical  PVP  growth inhibition at 
gold concentration of 
197µg/l 
(Hernández-Sierra 
et al., 2008) 
Salmonella 
typhimurium 
16 Spherical Citrate   Not toxic or mutagenic (Shuguang Wang 
et al., 2011) 
E.coli  5 Spherical  Dextrose or Glutathione Nontoxic  (Chatterjee et al., 
2011) 
E.coli  20 – 30  Spherical Citrate, polyallylamine 
hydrochloride (PAH) 
Citrate capped no 
toxicity. PAH 
capped caused cell 
lysis. 
(Zhou et al., 2012) 
E.coli   5 – 30  Spherical  (Yeast extract Peptone 
Dextrose) 
MIC80   = 128 (Ahmad et al., 
2013) 
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Data in Table 2-3 indicate that most reports of the toxicity of gold NPs on bacteria have 
found the lack of significant toxic effects on many bacterial strains. In contrast to those 
reports, there are few groups which have reported that gold nanoparticles can be toxic to the 
target bacteria depending mainly on the coating agents of the NPs (Goodman et al., 2004, 
Hernández-Sierra et al., 2008).  The abovementioned researches did not provide a clear 
census on the ecotoxicology of the gold NPs on the environmental bacteria and the need for 
further research is eminent in order to understand the effect of gold on bacterial population. 
The following subsections will provide a short introduction of the forms of bacterial 
population and their role in the natural environment. 
2.3 Bacterial population in the environment 
 
Bacterial populations are omnipresent living organisms which means that they can be found 
everywhere in the environment including places with extreme conditions like hot springs, 
polar ices and  even in the radioactive nuclear waste (Dunne, 2002, Allison, 2000). They 
colonise and grow in all different environmental compartments introduced in the previous 
sections. Planktonic bacteria exist as unicellular organisms in the environment and every cell 
behaves as a small independent organism which is invisible with the naked eye.  They can 
only be seen with the aid of microscope.  When the cells grow and reach certain size they 
divide into two identical new cells (see Figure 2-8 below). In this way, the population 
increases in number as long as there are favourable environmental conditions for the bacteria 
growth including  enough supply of food in the near environment, right temperature and pH. 
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Figure 2-8: Visualising bacterial cell division stages using thin-section TEM(Touhami et al., 2004). 
To get energy from the organic food, bacterial cells need to decompose the molecules in one 
of the following two respiration processes. Similar to higher level organisms (plants and 
animals), Aerobic bacteria need oxygen to extract energy from the available raw organic 
materials and, for this reason, aerobic bacterial populations colonise and thrive in 
environmental compartments where there is a good supply of air. In contrast, anaerobic 
bacteria can survive without oxygen and they live in non-oxygenated areas as under Earth 
crust but also on the surface of the Earth.  
Apart from the unicellular planktonic bacteria described above, another prevailing structure 
of bacteria survival that forms in almost all environmental compartments is the biofilm 
structure explained below.  
2.3.1 Biofilm 
 
Biofilms are defined as matrix-enclosed bacterial populations adherent to each other and/or to 
surfaces or interfaces. This definition includes microbial aggregates and floccules and also 
adherent populations within the pore spaces of porous media (Costerton et al., 1995). A 
“film” is a thin coating. “Bio” refers to the living nature of this film. In other words, a biofilm 
is a thin coating comprised of living material. Unlike the more familiar planktonic lifestyle, in 
which bacteria float or swim freely, in biofilms, bacterial communities surround themselves 
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with a complex extracellular polysaccharides (EPS) matrix, better known as ‘slime. As it 
grows thicker, the film often includes many bacterial species and the matrix develops a 
complex structure (Dunne, 2002, Allison, 2000, Callow and Callow, 2006). Different cells in 
the biofilm have different tasks in the community and, in this way, they support each other to 
survive in hostile conditions like antibiotics, antiseptics, highly reactive chemical biocides, 
dehydration and nutrient depletion (Costerton et al., 1999).   
Biofilm development is a series of complex but discrete and well-regulated steps. The exact 
molecular mechanisms differ from organism to organism, but the stages of biofilm 
development are similar across a wide range of micro-organisms (O'Toole, 2003, Kaplan et 
al., 2003). The sequential stages of biofilm development on different surfaces can be 
recognised as consisting of five stages.(Percival, 2000) (See Figure 2-9 below for a simplified 
representation of the development stages of bacterial biofilm):  
 
Figure 2-9: Biofilm formation steps (Monroe, 2007). Stage 1, initial attachment; stage 2, 
irreversible attachment; stage 3, maturation I; stage 4, maturation II; stage 5, dispersion.  
 
Although many people associate bacteria with adverse effects like diseases and infections, 
most bacterial populations are extremely useful for both our life and the well - being of the 
environment. Despite the rapid growth of our knowledge about the development and 
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differentiation of bacterial biofilms on one  hand and about the infectious diseases caused by 
biofilm on the other side in the last two decades, there are relatively few published materials  
studying the transport of the nanoparticles through biofilms (Tong et al., 2010). The limited 
studies currently available  fail to identify any significant effects at the microbial level of 
nanoparticles in more complex systems (Neal, 2008). 
2.3.2 Role of bacterial population in the environment 
 
Bacterial population in the natural environment, whether it is planktonic unicellular form or 
more complex biofilm structures, has an important role in the productivity and function of the 
ecosystem. The most important role of a bacterial population is its ability to decompose 
organic materials and release useful nutrients for plants. Organic nitrogen in the dead 
organisms and their excretion are converted into ammonium which is an inorganic form of 
nitrogen through a process called ammonification in soil living fungi and bacteria called 
decomposers. Ammonium cannot be used directly by plants unless it is converted into nitrates 
by nitrifying bacteria (Belser, 1979, Kuenen and Robertson, 1994, Abeliovich, 1992). In this 
way, many useful plants including crops depend on bacteria and live symbiotically with 
bacteria in order to gain basic nutrients for their growth. Apart from the important 
nitrification process explained above, there are some free - living bacterial groups called plant 
growth-promoting rhizobacteria (PGPR) which protect plants from deadly pathogens 
(Babalola, 2010, Kloepper et al., 1980, Lugtenberg and Kamilova, 2009). These beneficial 
bacteria can be used to improve crop production and reduce the consumption of pesticides. 
Similarly, bacteria plays an important role for both carbon (Heimann and Reichstein, 2008, 
Davidson and Janssens, 2006) and phosphorus cycle (Ammerman, 2003b, Ammerman, 
2003a) in the ecosystem.  
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Practical application of the degradation ability of the bacterial population is the sewage 
treatment plants where especially cultured bacteria provide necessary enzymes to reduce 
waste materials. Since bacteria reproduce in the sewage plant and increases in number, so is 
the amount of enzymes produced to decompose waste materials. This application is the 
cheapest available alternative for the abovementioned purpose and can be applied for any 
process where organic waste causes problems such as food processing systems, remediation 
of oil contaminated soils, contaminated aquifers, fish ponds and many more.  
Both the very important role of bacteria population in the environment and its useful 
applications mentioned above justify the reason why many environmental scientists are 
concerned with the effect of human activity including nanotechnology on the environmental 
bacteria. To increase our knowledge of the environmental problems caused by NPs, this 
project aims to study the effect of gold nanoparticles on widespread environmental bacteria: 
Pseudomonas flourescens. It is the task of the next two sections to give a detailed 
introduction of the Pseudomonas flourescens and the summary of the published literature on 
the effect of the nanoparticles on this bacterial strain. 
2.3.3 Pseudomonas fluorescens 
 
Pseudomonas flourescens are gram negative bacteria and they belong to RNA- homology 
group Ι in the genus pseudomonas (Stanier et al., 1966, Palleroni et al., 1973). Other 
members of this group include Pseudomonas putida, Pseudomonas aureginosa, Pseudomonas 
syringae, (Palleroni, 1974). One of the main characteristics of the Pseudomonas flourescens 
is their ability to synthesise a yellow greenish water - soluble fluorescent pigment called 
pyoverdines (Stanier et al., 1966). These clearly visible fluorescent pigments attracted 
scientists to use them as taxonomic markers for the classification of different strains of 
Pseudomonas flourescens. (Winkelman, 1991). The main physiological function of 
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pyoverdines is based on their ability to fix iron (Meyer and Hornsperger, 1978) and make it 
available for these mainly aerobic pseudomonas species where the transport of oxygen is 
essential for their respiration process. Structurally, pyoverdines has three main domains 
(Meyer, 2000): a quinoline chromophone (responsible for the colour), an acryl chain and 
peptide chain which are important structures for the taxonomy purpose since different strains 
of pseudomonas flourescens have different peptidic chains (Kilz et al., 1999). Like other 
members of the Pseudomonas genus, it is a motile bacterium by means of polar flagella.  
Pseudomonas flourescens are widely found in many different habitats in the environment. 
They can grow and flourish in water, soil and on plant leaves and roots. The fact that they can 
colonise a variety of different habitats in the environment indicates that they have simple 
flexible nutritional requirements. They can metabolise a wide range of different organic 
compounds as carbon sources (Dooren de Jong, 1926). Many strains of Pseudomonas 
flourescens are plant growth-promoting rhizobacteria (PGPR). They promote the growth of a 
different variety of plants by colonising their roots and producing antibacterial substances 
which stops the effect of the plant pathogens microorganisms. It is recognised that the 
compound responsible for the abovementioned mutualism is the pyroverdine pigment (Choi 
et al., 2008). Economically, the application of Pseudomonas flourescens on agricultural crops 
has increased, offering a green way of controlling deadly plant pathogens  which can replace 
the traditional environmental non-friendly pesticides (Dey et al., 2004). 
To gain a basic and preliminary understanding of the general problem of the NPs’ interaction 
with bacterial population, the abundance of Pseudomonas flourescens in the environment 
makes them suitable organisms for the study of NPs in the environment since they are more 
likely to encounter and interact with them than the other less abundant organisms. Despite 
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their abundance in the environment, there are few studies available regarding the interaction 
of nanoparticles with Pseudomonas flourescens.   
2.4 Pseudomonas flourescens and nanoparticles. 
It is important to understand the effect of the NP on the microbiota once released in the 
environment. Unicellular planktonic bacteria can be used as a model to investigate the 
bacteria-NPs interaction at cellular level and at molecular level. Researches on planktonic 
bacteria may provide useful information about structural changes of the bacterial cell 
membrane and possible internalisation of NPs. Previous studies have reported the interaction 
in terms of intermolecular forces such as electrostatic forces, van der waals and hydrophopic 
interaction (McWhirter et al., 2002, Parikh and Chorover, 2006). Due to their antimicrobial 
activities, the effect of titanium dioxide NPs (Wei et al., 1994, Block et al., 1997) and silver-
NPs on both gram-positive and gran-negative varieties of bacteria are widely studied. 
However, among the wealth of information available in the field of nanoparticles toxicity on 
the microbiota, only very few studies have dealt with Pseudomonas flourescens despite its 
abundance in the environment. See Table 2-4 below for summary of the published literature 
on the effects of engineered nanoparticles on Pseudomonas flourescens).  
Table 2-4: Published literature on the effect of engineered NPs on pseudomonas flourescens. 
Name of the 
NPs 
Size of the 
AuNPs (nm 
Coating agent 
 
Shape of the 
AuNPs 
Nominal conc Toxicity References 
AgNPs 65 + 30 citrate Spherical 
triangular 
0 – 2000 ppb Toxicity of AgNPs was pH 
dependent., presence of 
organic matter mitigated 
AgNPs toxicity 
(Fabrega et al., 
2009) 
ZnO ≤ 50 nm oxide ND 1 -200 mm 
MIC = 24 µM 
Increased cell death, 
abnormal cell morphology 
(Tayel et al., 
2011) 
CuO 30 nm oxide ND 6 mg/l ROS and DNA damage (Bondarenko et 
al., 2012) 
Al2O3, TiO, ZnO 60, 50, 20 
respectively  
oxide ND 20mg/l Mortality 70%, 0% and 
100% respectively 
(Jiang et al., 2009) 
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Toxicity of nanoscaled zinc, titanium , aluminium and silicon oxides on Pseudomonas 
flourescens were reported ((Jiang et al., 2009). Similarly, the effect of silver nanoparticles on 
the Pseudomonas flourescens were studied and  the sign of toxicity at high concentration 
(2000 ppm) of the NPs (Fabrega et al., 2009) was found. Copper oxide NPs have caused the 
production of reactive oxygen species followed by DNA damage of Pseudomonas 
flourescens.  Therefore, further work is needed to understand the effect of the engineered NPs 
on the environmental relevant Pseudomonas flourescens bacterium. As it was highlighted in 
chapter1 (introduction), it is the overall aim of this project to investigate the effect and 
interaction of gold nanoparticles of different sizes and coating agents on Pseudomonas 
flourescens. 
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Chapter 3: Theory of the characterisation Techniques for Gold   
Nanoparticles 
 
Aiming to have well defined gold nanoparticles, the first part of this project was assigned to 
synthesize monodisperse batches of gold nanoparticles with systematically varying sizes and 
with two coating agents: PVP and citrate. After the synthesis of gold nanoparticles, 
complementing modern analytical and imaging techniques have been employed for the full 
characterisation of the nanoparticles as prepared, in bacterial growth media and after 
exposure to bacteria. Among important pysicochemical properties of the NPs include: the 
size, shape, charge, solubility, surface Plasmon resonance and surface chemistry (Filella and 
Buffle, 1993, Elzey and Grassian, 2010). In this project we characterise the freshly 
synthesised gold NPs by measuring their size, shape, zetapotential, surface Plasmon 
resonance, surface charge, stability overtime, and stability in a range of ionic strengths. 
Due to the complexity and diversity in nature of the aforementioned physicochemical 
properties, It is obvious that they cannot be determined by using only one analytical 
technique so a multi-method approach has been chosen (Lead and Wilkinson, 2006). The 
following sections will be devoted to give a detailed introduction of the theoretical 
background of the characterization techniques of the NPs operated to elucidate the forgoing 
physicochemical properties of the gold NPs. Since the second part of the project aims to 
study the interaction of AuNPs on planktonic bacteria short description of the bacterial 
growth quantification techniques and sterilization techniques used during this project will be 
also be provided. 
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3.1.1 Centrifugation and ultracentrifugation 
 
Theoretically, the centrifugal acceleration can be described by the following equation 
(Herivel, 1960).  
rFC
2  Equation 3-1 
 
Where FC is the centrifugal acceleration of the particles which rotate angular speed of ώ 
(rad/s) in a rotor with radius r (m). Using F = ma and substituting acceleration with Equation 
3-1 the force that applies on the particles can be given in Equation 3-2 below  
rmF 2  Equation 3-2 
                      
Where m stands for the mass of the particles and F is the centrifugal forces acting on the 
particles. Here, the force is directly proportional to both the mass and the square of the 
angular speed of the rotating particles in the suspension. For the sake of the practicality, the 
angular speed is, many times, given in terms of rotational speed which is expressed in round 
per minute (rpm). Since in one minutes there are 60 seconds and in one round there are 2π 
rads, the angular speed is related to the rotational speed N through Equation 3-3 below  
N
60
2
   
Equation 3-3 
 
 
The equation for centrifugal force can then be change into following Equation 3-4 through 
substitution of ώ to the above relationship. 
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2
60
2






 NmrF

 
Equation 3-4 
 
Whenever a suspension or pure liquid in a container is rotated around a central point, a 
centrifugal force, which can be 1000 times greater than the gravitational force is generated 
(Wallace, 1998). The effect of this force is to drive denser particles in the suspension away 
from the centre of the rotation toward the outside wall of the container and subsequently 
accelerate them to the bottom of the container as precipitate in the form of a pellet (Wilson 
and Walker, 2010). The top layer which is mainly the liquid and the suspended substances 
which are less dense than the liquid is called supernatant. The rate of sedimentation of the 
particles depends not only the magnitude of the centrifugal force and the diameter of the rotor 
driven by an electrical motor around a fixed axis but also the shape, size and density of the 
particles and viscosity of the liquid (Wallace, 2007). This means particles suspended in a 
same type of liquid can be separated according to their density by applying fractional 
centrifugation process. During this process, the size of the centrifugal force is altered through 
changing of the rotational speed of the rotor and in this way density separation of the 
components in the suspension is achieved. To compare different rotors, the amount of 
acceleration which they can provide is used instead of the rotational speed since rotors of the 
same speed will provide different acceleration and thus different centrifugal forces if their 
diameters differ from each other. 
3.1.2 Transmission Electron Microscopy (TEM) 
 
Transmission electron microscopy was first invented and constructed by  Max Knoll and 
Ernst Ruska in Germany in 1932 (Knoll and Ruska, 1932).  It took only about four years 
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before the first commercial TEM appeared in the market in 1936.  Around that time, the 
lower limit of the resolution of light microscope which uses light waves to image objects was 
already achieved and scientific community seriously needed a much higher resolution for 
their researches (Knoll and Ruska, 1932). The resolving power of an optical instrument is its 
ability to separate two objects which are very close to each other. The resolution of the 
traditional light microscope depends on the wave length of the type of light rays used through 
the classical Rayleigh criterion (Inoue and Spring, 1997, Kapitza, 1994). 



sin
61.0
  
Equation 3-5 
 
 
        
Where δ is the distance between two objects, λ = is the wavelength of the light beam, µ is the 
refractive index of the medium (usually air, water or oil) and β is the half of the angular 
aperture of the lens. Given that the refractive index of certain medium and aperture of a lens 
of a certain microscope do not change during an experiment, the maximum resolution that 
can be achieved with light microscope is mainly determined by the wave length in the sense 
that the shorter the wave length of the light the higher the resolution which can be achieved. 
Therefore, according to the aforementioned relationship, the highest theoretically possible 
resolution which can be achieved by conventional light (optical) microscope is around 0.2 
mm (O'Keefe, 1956, Born and Wolf, 1999) as correctly predicted by Ernst Abbe in 1870.  
In the case of the transmission electron microscope, electron beam is used for imaging of the 
objects under study and is accelerated through vacuum medium with refractive index equal to 
1; the angular aperture is so small that the value of sin(β) can be approximated by the size of 
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the angle β itself. With these two valid assumptions for TEM, the resolution can be 
approximated to  (Williams and Carter, 1996). 



61.0
  
Equation 3-6 
         
The wavelength of a beam of electrons is inversely proportional to its speed caused by the 
applied potential difference. In 1925 Broglie derived an equation showing this relationship 
(Equation 3-7) which can be used to calculate the wavelength of the electron beam 
accelerated in a certain predetermined electrical field. 
2/1
22.1
E
  
Equation 3-7 
 
 
          
Where λ is the wavelength of the light and E is field strength.  By substituting the value of λ 
from Equation 3-7 into Equation 3-6, we can calculate the theoretical resolution of the TEM. 
TEM has normally much higher resolution than traditional light microscope due to the short 
wave length of the highly energetic electron beams used in the TEM to get images of the 
object under study.  Modern high resolution TEM is  capable of imaging the position of 
individual atoms in a crystal (Voyles et al., 2002, Singhal et al., 1997)  with resolutions 
below angstrom scale (Nellist et al., 2004) while the resolution of light microscope is at the 
scale of micrometer. The source of the electron beams in the TEM is tungsten filaments 
cathode. The electrons are accelerated in a vacuum by potential difference varying from 40 to 
100 KV depending on the type of TEM and are focused on the target sample by 
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electromagnetic lenses.  The beam of electrons interact with the sample (Williams and Carter, 
1996) and only transmitted fraction of electrons reach on the viewing screen which is coated 
with electron beam sensible fluorescent substances.  It is on the viewing screen where bright 
dark images are produced depending on the intensity of the beam reaching on the areas of the 
image (Figure 3-1). 
 
Figure 3-1: Schematic diagram of the basics of TEM(AtomicWorld, 2012) 
 
3.1.3 Atomic Force Microscopy (AFM) 
Atomic force microscopy is one of the most popular and useful tools available for research 
community to image the surface of materials at the nanoscale. The precursor of the AFM, the 
so called scanning tunneling microscopy (STM) was only limited to study samples which 
conduct electricity since the STM required the conductivity of the samples (Binnig et al., 
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1982b, Binnig et al., 1982a, Binnig and Rohrer, 1987).  This limitation was resolved when in 
1985 the AFM was proposed and invented by  Binnig, Quate, and Gerber  (Binnig et al., 
1986). The main difference between STM and AFM is the fact that the first measures the 
tunnelling current between the tip and surface of the sample while the second instrument 
measures the force interaction between the tip and the sample (Meyer, 1992, Pool, 1990). 
With the AFM, atomic resolution can be achieved (Mizes et al., 1987) and its possible that  
single atoms in both insulating and conducting materials can be imaged (Albrecht et al., 
1988). Apart from the controller unit, the main parts of the AFM machine are cantilever with 
a very sharp tip made mainly from Si or Si3N4, the laser beam generator and photodiode 
detector (Jalili and Laxminarayana, 2004). During the imaging process with AFM, the 
interaction between the tip of the cantilever and the surface introduces the deflection of the 
movement of the tip. This deflection causes that the laser beam which was directed on the 
back of the tip is reflected into different position on a photodiode detector (Hutter and 
Bechhoefer, 1993) (see Figure 3-2 below).  
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Figure 3-2: Block presentation of the internal components of the AFM(Pharm_virginia, 2012) 
This upside down movement of the tip can be used to trace the surface of the sample and 
generate its topographic map (Basso et al., 1998). How the deflection of the cantilever is 
related to the Van der Waals attraction/ repulsion forces between the tip and the sample 
surface can be represented by Hook’s law (Dürig et al., 1986) (Equation 3-8 below) and 
illustrated in Figure 3-3 below. 
kZF   Equation 3-8 
 
         
Where F is the force, Z is the deflection distance and K stands for the stiffness of the lever. 
 
Figure 3-3: Interatomic force variation versus distance between AFM tip and sample(Jalili and Laxminarayana, 2004). 
Reprinted with permission from copyright 2004 Elsevier.  
Among the different modes of the AFM, the contact, non-contact and tapping modes are 
mostly applied in determining the size and the shape of the materials in the nanoscale 
(Dufrêne, 2002). These modes differ mainly in the distance between the tip of the cantilever 
and the surface atoms of the samples.  In the contact mode the tip in contact with the surface 
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atoms of the sample creates  repulsive interatomic forces caused by the electron clouds of the 
touching atom (Blackman et al., 1990) while by non-contact AFM mode the cantilever tips 
oscillates near the surface of the sample and the change of this vibration caused by the 
interatomic forces is detected and translated into topographical images of the sample surface. 
The distance between the tip and surface atoms in tapping mode is somewhere between the 
other two modes explained above and changes as the tip comes into contact with the surface 
of the sample under study.  Due to its versatility, AFM has been applied in many branches of 
sciences including surface science, material science, nanoscience and biology (Butt et al., 
2005, Yang et al., 2007).   
 
3.1.4 Dynamic Light Scattering (DLS)  
 
Dynamic light scattering (DLS)  also known as photon correlation spectroscopy (PCS)  is one 
of the most applied measuring techniques used in determining the size of nanoparticles in 
liquid media(Berne and Pecora, 2000).  This technique uses the scattering of light from 
particles in a liquid media. Due to the random Brownian motion of the particles caused by the 
bombardment of the continuous motion of the liquid media surrounding the 
particles(Tscharnuter, 2006). 
The movement of the particles cause Doppler Effect to the wavelength of the incoming light 
and thus to the scattered light (Angus et al., 1969). The intensity fluctuation of the light 
scattered, which is related to the size of the particles, gives fluctuating speckle. A photon 
correlator continuously monitors the speckle fluctuation which can be used to calculate the 
time-dependent intensity correlation function (Berne and Pecora, 2000).  The correlation 
function which decreases with time is related to the size of the particles as the larger particles 
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are much slower than smaller ones and scattering intensity fluctuates more slowly. The rate 
of decay of the correlation function provides information about line width (Ѓ) of the 
scattering light which is related to the diffusion coefficient (D) through  Equation 3-9 below. 
2Dq  Equation 3-9 
 
                                                                                         
 q stands for the numerical value of the  vector describing the scattered light and is related to 
a number of both instrumental and light properties as described in                                                                              
Equation 3-10 below. 
)2/sin(
4 0 


q  
  Equation 3-10 
                                                                             
Where   θ is the angle of scattering measurement, λ is the wavelength of the laser beam, 0  is 
the refractive  index of the liquid media. The above two equation can be used to find the 
diffusion coefficient of the particles. By assuming that the particles  are spherical in shape, 
we can use  the classical Stokes-Einstein Equation 3-11   (Einstein, 1905) which provides a 
relation between  diffusion coefficient of the particles in motion and their size radius. 
A
TK
D B
6
  
Equation 3-11 
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D stands for the diffusion coefficient, T is the absolute temperature in degrees Kelvin of the 
sample,  KB is the distribution Boltzmann constant,  is the viscosity of the solvent and A is 
the radius of the spherical particles. 
 
3.1.5  Zetapotential  
 
Apart from hydrodynamic diameter measurements described above, DLS instrument from 
Malvern is used to measure the electrophoretic mobility of the particles in an electric field 
which in turn can be used to calculate the Zetapotential of the samples by applying either 
Smoluchowski or Huckel Henry (Smoluchowski, 1903) equations depending on the nature of 
the media. Zeta potential is a good indicator of the repulsion forces between particles and is 
used to estimate the stability of nanoparticles in the media (Eilers and Korff, 1940). By 
nature, equally charged particles in a media tend to repel each other due to repulsive 
electrostatic force  in contrast,  there is also Van der waals attraction force between particles 
regardless their charge which mainly depends on the distance of the particles (Hamaker, 
1937). It is  the combined effect of these two opposing forces which determines whether 
particles aggregate or not as explained by the classical DVLO theory (Derjaguin, Landau, 
Verwey and Overbeek theory)(Deryagin and Landou, 1941, Verwey and Overbeek, 1948) 
which can be summarised in Equation 3-12 (Malvern, 2001).  
SART VVVV   
Equation 3-12 
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Here, VT  is the total potential of the particles, VR is repulsive potential caused by equal 
charges of equal sign on the particles, VA is the van der Waals attractive potential and VS is 
the solvent’s potential energy which is less important than the other two potential. 
 Since particles are in continuous movement due to the Brownian motion, they can come too 
close together if they have enough kinetic energy to overcome the effect of the repulsive 
forces and then Van der Waals forces pull particles  together to form aggregates ( see Figure 
3-4 below ) (Honigmann, 1970).   
 
Figure 3-4: Repulsion and attraction potential as function of the distance from the charged particle(Honigmann, 1970) 
To understand the scientific meaning of zetapotential, consider of a negatively charged 
spherical particles in a dispersion media, the positively charged ions in the media will be 
attracted to the surface to counter-balance the charge. This generates potential difference 
around the particles which can be illustrated in Figure 3-5. Since the particle is in Brownian 
motion, the strongly attracted positive ions will move with the particles forming the stern or 
stationary layer while less bonded ions will form a dynamic diffusive layer. The imaginary 
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plane between the bulk and the diffusive layer is called slipping plane (see Figure 3-5) and 
the  electrical potential difference between this plane and a point in the bulk media far away 
from the negatively charged particle is defined as zetapotential. As mentioned earlier in this 
section, Zeta potential cannot be measured directly from the solution but it is calculated from 
the electrophoretic mobility (EPM) which is the rate of migration of charged particles in 
stationary liquid medium due to the effect of an applied external electric field. DLS 
instrument has ability to measure the EPM by filling the NPs solution in to a cell and 
applying external electric field.  How fast particles move is directly proportional to the 
strength of the external applied electric field, the viscosity of the liquid medium and the 
charge and the size of the particles. There are two opposing forces acting on these moving 
particles which are the electric field force and the drag forces due to the viscosity of the 
liquid. When these two forces are in equilibrium the particles gain steady speed. Equation 
3-13 below shows the relationship between the velocity of the particles and the strength of 
the electric field. 
EV


 
Equation 3-13 
              
Where V

stands for the velocity of the particles in cm/s , E

 is the strength of the electric 
field in V/cm  and µ is the electrophoretic mobility and its unit is  thus cm
2
/Vsec. Henry 
equation establishes the link between the zeta potential and elctrophoretic mobility (Henry, 
1931). 
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   Equation 3-14 
          
Where µE is the elctrophoretic mobility, ε stands for dielectric constant, Z is the zeta 
potential,   is the viscosity of the media, K is Debye-Huckel constant and fk(a) is the Henry 
function. In most practical situations, where particle size is bigger than the thickness of the 
double layer and there is sufficient electrolyte concentration, simplified Marian 
Smoluchowski’s approximation (Smoluchowski, 1918) with fk(a) = 1.5 can be used instead 
to calculate zeta potential from elctrophoretic mobility using Equation 3-15. 


 
 
  Equation 3-15 
            
Here µ is the electrophoretic mobility, ε is the electric permitivity ,  stands for the viscosity 
of the surrounding liquid,   is the zeta potential, with a simple algebraic manipulation,  can 
be made the subject of the formula and calculated from the electrophoretic mobility of the 
charged particles. 
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Figure 3-5: Schematic diagram illustrating the charge distribution around a charged spherical particles in dispersion 
media. it shows both the stern layer and slipping plane plus how the potential changes with the distance from the 
charged particle  (Wikipedia 2012). 
 
3.1.6  Surface Plasmon Resonance (SPR) spectroscopy. 
 
The free conductive valence electrons on the surface of the metals oscillate naturally due to 
the storing attraction effect of the positive charge of the atomic nuclei. This oscillation causes 
an electron density waves (surface Plasmon) with characteristic frequency on the surface of 
the metal.  The nature of the force between electrons and nuclei is coulomb forces which is 
indirectly proportional to the charges separation distance and directly proportional to the 
strength of the charges. The separation distance of the charges (electrons and nuclei) in the 
metal is given by Equation 3-16 below. 
3 NS   
   Equation 3-16 
 
         
Where n is the charge density. 
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The stored potential energy between separated charges is calculated with Equation 3-17. 
S
eKU
2
  
  Equation 3-17 
           
Here, K is constant, e stands for the charge of the electrons and S is the separation distance 
between charges. 
The oscillation of the electrons around the positively charged nuclei can be treated like 
classical harmonic oscillator and below can be used for the energy of harmonic oscillator. 
22
2
1
sMU P  
Equation 3-18 
               
 ώp is the frequency of the harmonic oscillator. Using the last three equations and rearranging 
them for the frequency of oscillation the following equation can be derived which gives the 
frequency of the oscillating electron density ( surface Plasmon) waves. 
m
ne
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    Equation 3-19 
         
If  the frequency of incident light photons matches the natural characteristic frequency (ώp) of 
the electron density waves of the metal, the energy of the photons is absorbed (Pockrand et 
al., 1978) and surface plasmon resonance (SPR) occurs (Gordon Ii and Ernst, 1980) for 
planar surface and localised  surface plasmon resonance (LSPR)  for nanoscale sized metals 
(see Figure 3-6 below). 
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Figure 3-6: Localised Surface plasmon resonance (LSPR)  of conductive electron density wave excited by light wave. 
Electrons clouds around the particles are repelled by the electric field of the light waves (Willets and Van 
Duyne, 2007). Reprinted with the permission from copyright Annual Review of analytical chemistry. 
  The wavelength of the maximum absorption depends on the type , shape, size and  the 
environmental surrounding of the nanoparticles (Kreibig and Vollmer, 1995) In the most 
metal nanoparticles this maximum absorbance which causes the localised surface Plasmon 
resonance falls in the ultraviolet region of the electromagnetic spectrum. In the case of gold 
and silver nanoparticles, the resonance takes places in the visible region due to interband 
transitions. This absorption wave can be recorded with UV-Vis spectrometer to identify the 
type of metal in the sample or to study any changes in the surrounding media. To quantify the 
amount of light absorbed by sample, the concept absorbance A is used which is defined as. 
)/(log 010 IIA   
Equation 3-20 
             
Where Io and I stand for respectively the intensity of the light at certain wavelength (λ) 
before and after it has passed through the sample under study. Absorbance is a fraction of two 
intensities so it has no unit but many times it is reported in absorbance unit (AU). Figure 3-7 
gives a diagram representation of the typical dauble beam Uv_vis spectroscopy. 
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Figure 3-7: Simplified Schematic representation of the main parts of Uv-vis spectrophotometer showing the light sources 
the monochromater, reference and sample holder and the detector.  
 
3.1.7  Field Flow Fractionation (FFF) 
 
Field flow fractionation is a very versatile sizing and  separation technique which has many 
applications in the different scientific areas including food chemistry, medicines, biology and 
environmental science (Wittgren and Wahlund, 1997, Petteys and Schimpf, 1998, Chmelik, 
2007). The range of sizes that can be separated may vary from 0.001 to 100 µm (Dulog and 
Schauer, 1996) which is the whole range of colloidal, macromolecules (Ratanathanawongs 
Williams et al., 2006), nanoparticles (Lohrke et al., 2008, Baalousha et al., 2011) and 
particulates (Kirkland et al., 1990) in different carried solvents.  What makes FFF so versatile 
to separate a wide range of sizes is because of the variety of different nature fields which can 
be used to achieve separation (Shendruk and Slater, 2012). The one main difference between 
the different separation types of the commercial FFF is the nature of the applied field which 
can be either  electric field (Giddings et al., 1974), temperature gradient (Caldwell et al., 
1972), sedimentation field (Giddings et al., 1975)  or crossflow (Giddings et al., 1976). FFF 
instruments contains similar components (carrier, pump, injection port, separation channel, 
detector and computer see Figure 3-8 below) of the traditional liquid chromatography (Myers, 
1997) though the basic separation principles are, as will be explained later ,  different. 
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Figure 3-8: Schematic diagram of field flow fractioning with all main parts  illustrated (FFF) 
A detailed theory of the relevant principles of the FFF has been given in a number of papers 
(Myers, 1997, Giddings, 1993a, Giddings et al., 1977, Giddings, 1966). Here, only a short 
introduction of the basics of cross-flow normal mode of the FFF is given, which is suitable 
for the NPs in this project. Of the number  of assumptions applied to develop a theoretical 
concept of the FFF retention the main ones are: the uniformity of the field across the channel, 
and the lack of interaction between particles and between wall particles interaction (Messaud 
et al., 2009).  
FFF separation is achieved due to the combined effect of two opposing transport processes 
(Giddings, 1966). An applied cross-flow which is perpendicular to the liquid flow direction 
pushes the particles in the samples toward the accumulation wall (Bos and Tijssen, 1995).  
This is followed by continuous diffusion of the particles from the accumulation wall  due to 
concentration gradient  set up by the cross flow where  the highest concentration are by the 
wall. The thickness of the cloud of particles L can be related to the above mentioned main 
processes through Equation 3-21. 
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Equation 3-21 
             
 D is the diffusion coefficient and U is the side way velocity caused by the cross flow. If the 
thickness L is divided by the thickness of the channel (w) an alternative dimensionless 
parameter λ can be defined as follows.  
w
L

 
    Equation 3-22 
 
          
Combining Equation 3-21  and Equation 3-22 and solving for λ provides Equation 3-23.  
W
DU

 
Equation 3-23 
             
From the theory of FFF (Giddings, 1973, Giddings et al., 1976), λ is related to experimental 
parameter R ( void volume/ retained volume)  through  Equation 3-24 below.  
  2)2/1coth(6 R
 
  Equation 3-24 
         
Experimentally, R can be obtained by the ratio of the void time t0 and the retention 
tr(Messaud et al., 2009). Then Equation 3-23 can be used to give λ. With the λ so obtained, 
Equation 3-21 is applied to calculate the value for the diffusion coefficient of the particles 
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which in turn can provide the size diameter of the particles through classical Stokes-Einstein 
equation.  
A
TK
D B
6

 
Equation 3-25 
             
D stands for the diffusion coefficient, T is the absolute temperature in degrees Kelvin of the 
sample,  KB is the distribution Boltzman constant,  is the viscosity of the solvent and A is 
the  radius of the spherical particles. 
There are two modes of operations for FFF techniques with different separation mechanisms 
determined by the size of the particles to be separated (Shendruk and Slater, 2012). In the 
normal Brownian dominated mode, submicron and nanosized particles are separated by the 
balance of the two transportation processes explained earlier in this section. While for bigger 
particles, the diffusion process is negligible and particles roll on the bed of the channel so a 
sterical interaction between the particles and the surface of the channel determines the 
separations and this mode is called steric mode. Since bigger particles roll faster than smaller 
ones the separation is opposite to the normal mode (Reschiglian et al., 2005) (see Figure 3-9 
for further illustration).  The shape of the flow in the channel is parabolic with maximum 
speed in the centre (Giddings, 1993b) see Figure 3-9 below. Since smaller particles diffuse 
faster, they will reach further away from the wall into the area of the higher laminar velocity 
and they are transported faster and detected earlier than the bigger particles which are situated 
near  the wall where the laminar flow of the carrier fluid has the lowest velocity (Caldwell et 
al., 1979).  
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Figure 3-9:  Separation of particles of different sizes with different modes of the FFF 9 (a) is normal, Brownian dominated 
mode, (b) is the steric mode and (c) is hyperlayer mode (Reschiglian et al., 2005). Reprinted with the permission from 
copyright 2005 Elsevier. 
 
3.1.8 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
 
ICP-MS can be applied to measure traces of nearly most of the elements in the periodic table; 
it is an extremely powerful analysis method for metal (Hirner, 2006) and non-metallic 
(Wuilloud and Altamirano, 2006)  elemental measurements. The combinations of low 
detection limit, lower than part per trillion (Ray et al., 2004, Moldovan et al., 2004), and the 
short measurement time (Montaser, 1998, Nelms, 2005) make it suitable for many fields in 
both research and applied science (Ammann, 2007) and superior to other types of elemental 
analysis instruments such as atomic absorption spectrometer (AAS) and inductively coupled 
plasma –optical emission spectrometer (ICP-OES) (Thomas, 2004, Jarvis, 1988). Examples 
of the fields where ICP-MS has been applied include environmental(Butler et al., 2011), 
biomedical, forensic (Ulrich et al., 2004), food industry, life sciences (Bettmer et al., 2006) 
and many more. Samples used for ICP-MS can be any state liquid, solid or gas.  
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Historically, the first papers about  ICP-MS were published in 1980 (Houk et al., 1980) 
followed by the first commercial ICP-MS introduced by Perkin Elmer SCIEX in 1983 (Rakhi 
et al., 2008).  Generic components for most ICP-MS components which are similar to other 
mass spectrometers include: Sample introduction system, ICP torch and radio frequency (RF) 
coil, Interface, Vacuum system, electrical lenses (electrostatic analyser ESA), quadrupole 
mass filter and detector (PerkinElmer, 2011) (see Figure 3-10 below for illustration). In the 
ICP-MS, ions are generated in the induction system and introduced in the vacuum area of the 
mass spectrometer, and then they are accelerated by electrostatic lenses. The separation of 
ions on the basis of their mass/charge ratio is achieved through a mass analyser filter 
(quadrupole) and they are finally detected by an electron multiplier at the far end of the mass 
spectrometer system. To find the concentration of the element under study,  its  electrical 
signal from the detector is compared with a signal given by a certified reference material used 
to calibrate the system (Zeisler et al., 2006). 
 
Figure 3-10: A diagram showing the cross section of the different components of modern quadrupole ICPMS(Wum, 2012) 
 
3.1.9 Potentiometric Titrations Method  
Potentiometric titration is an analytical method where an electrochemical cell measures the 
potential difference between two electrodes immersed in a sample. One of the electrodes is a 
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stable reference electrode while the other one is the indicator electrode. Although 
potentiometric titration can be applied to different types of reaction such as redox, 
complexion, precipitation and many more the most popular reaction is the acid base titration.  
Certain volume (V) of an acid with unknown concentration of H
+
 is titrated with volume v of 
base with known concentration of OH
-
 . The potential difference between the two electrodes 
is then given in the form of pH due to the calibration that was conducted prior to the 
measurement. The change of the pH against the volume of titrant used can be recorded and 
plotted as a graph (see Figure 3-11 below). The inflection point of the graph is where 
maximum change occurs and corresponds to the end point of the reaction.  
 
Figure 3-11: Titration of acid with strong alkali.(Floridauniversity, 2012) 
Another alternative way of finding the end point of the reaction is the applying of the Gran 
method which is explained in the following paragraphs.  The section of the titration curve 
before the end point in the acidic region applies that the concentration of the hydrogen ions 
can be calculated using  Equation 3-26 below (Gran, 1950). 
     
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  Equation 3-26 
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Where v0 and [H
+
]0 are the  initial volume and the unknown concentration of H
+
 ions   of the 
acid solution respectively, vb and [OH
-
] are the volume of the base added and the 
concentration of the  OH
-
 ions. Manipulating Equation 3-26 slightly provides Equation 3-27 
below. 
   00010*)0(   OHvbHvvbv ph  Equation 3-27 
                                                            
If the part before the equal sign in Equation 3-27 is plotted against vb a linear equation with 
slope of [OH
-
]0 will be found. The intercept of this linear relationship is v0 *[H
+
]0 which is the 
number of moles of H
+
 ions in the unknown original sample.  
When the unknown is [OH
-
], the alkaline region of the titration curve can provide solution. In 
this region following  Equation 3-28 applies for the initial concentration of the unknown OH- 
concentration (Gran, 1950). 
     
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Equation 3-28 
                                           
Where Kw is the water constant and is equal to [H
+
] *[OH
-
] = 10
-14
. Similar manipulation as 
Equation 3-26 will provide a linear equation with gradient of [OH-]0/Kw (Gran, 1952).  
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Chapter 4: Materials and Methodology 
 
4.1  Introduction 
This chapter describes the sample preparation techniques and analytical methods used to 
synthesise and characterise gold nanoparticles (AuNPs) of different capping agents (citrate 
and Polyvinyl pyrrolidone ( PVP)) and sizes both as prepared and in bacterial growth media. 
In order to understand the effect of NPs on planktonic bacteria the properties of nanoparticles 
need to be fully understood so that the effect property relationship can be studied. It is 
important to examine and understand for example the stability of NPs in the bacteria growth 
media prior to their exposure to the actual bacteria since any change in the physicochemical 
properties of the NPs may cause unpredicted and hard to interpret results. The more we know 
about the properties of the nanoparticles the easier it will be for us to identify the 
nanoparticles property and bacterial response relationship (Stone et al., 2010). After a short 
introduction to the different synthesis method used to synthesise NPs, this chapter will give 
detailed description of how characterisation techniques are applied practically in this project. 
The last section of this unit will be devoted to microbiological analysis techniques including 
media preparation, sterilisation techniques, staining, fixation, sectioning and bacteria 
quantification methods.  
4.2 Synthesis of gold nanoparticles 
 
This section introduces different synthesis methods used in this project to produce high 
quality gold nanoparticles with different sizes and different surface chemistry. To modify the 
surface chemistry of the nanoparticles two different coating agents were used as will be 
explained in the following sections. 
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4.2.1 Materials 
 
The following chemicals were of analytical grade and have been purchased from Sigma 
Aldrich: tetrachloroauric acid (HAuCl4.3H2O), trisodium citrate dehydrate, NaOH, HNO3, 
HCl, NaCl, Polyvinyl pyrrolidone (molecular weight =10,000; hereafter referred to PVP) and 
were used as received from the supplier without further purification. The water used for all 
reactions and preparation procedures were milli-Q quality R > 18 MΩ cm, and was obtained 
by filtering through Millipore cartridges. All glassware used in these synthesis processes 
were thoroughly cleaned three times in aqua regia (3 parts HCl: 1 part HNO3), rinsed with 
ultra high purity water (resistivity 18.2 MΩ·cm) and air dried. 
4.2.2 Synthesis of AuNPs capped with Citrate 
 
AuNPs were prepared by citrate reduction of HAuCl4.3H2O according to the following 
procedure which is based on the Turkevich method(Turkevich, 1951) as modified by Frens 
(Frens, 1973) and others (Kumar et al., 2006).The required volume of an aqueous solution of 
HAuCl4.3H2O was heated to the boiling point while stirring vigorously and then trisodium 
citrate was added quickly. The actual concentration of the solutions are summarised in Table 
4-1. The ratio of the two chemicals was varied in order to produce the size of the desired 
nanoparticles (Table 4-1). An immediate colour change from pale yellow to deep red 
occurred within 10 minutes. The solutions were kept at the boiling point for 15 minutes to 
assure the completion of the reaction and finally allowed to cool to room temperature.  
 
4.2.3 Synthesis of AuNPs capped with PVP 
AuNPs stabilised by PVP were prepared using two different synthesis methods. The 
difference between them was mainly about the synthesis temperature and after synthesis 
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cleaning procedure as described below. One of the methods required the heating of a mixture 
of gold and PVP solutions up to 70 
o
 C and it will be called hot method hereafter while the 
other synthesis method was carried out at room temperature and it will be referred to as cold 
method.  
4.2.3.1 Cold process. 
 
A detailed method of the process was given elsewhere (Zhou et al., 2009). Briefly, an 
aqueous solution of tetrachloroauric acid was added to a solution of polyvinylpyrrolidone 
(PVP) under vigorous stirring in room temperature. Then aliquots of NaOH, whose 
concentration was accurately known, was added to initiate the reduction of the gold ions 
which then was capped and stabilised by PVP (see Table 4-1). To achieve different sizes of 
AuNPs the ratio of gold precursor to capping agent were altered. 
4.2.3.2 Hot process.  
 
In preparing the nanoparticles of gold, the general procedure followed is summarised below. 
A known quantity of tetrachloroauric acid was weighed and dissolved in water. Then various 
amounts of PVP solution were added, as summarised in Table 4-1, to achieve different sizes of 
AuNPs. The final solution of HAuCl4.3H2O and PVP in water was heated up to 70 
o
C for 3 
hours. After cooling to room temperature, the solutions was washed with acetone and water 
with ratio (3 acetone: 1 water) and centrifuged 10 min at 4000 rpm to get rid of the access 
PVP. The so produced AuNPs were then redispersed in water and filtered with 100 nm filter 
paper.
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Table 4-1: Experimental conditions and the concentrations on the reactant used for the synthesis of AuNPs capped by citrate and PVP10 separately. 
Sample code 
HAuCl4 
ml /(mM) 
trisodium citrate 
(mM) 
PVP (mM) 
Molar ratio of HAuCl4 : 
Capping agent 
Temperature 
(
0
C) 
Reducing 
agent 
G1 100 ml 0.25 mM 1 ml 30. 4 mM  1.00 : 0.30 100  
G2 300 ml 1.06 mM 30 ml 40.8 mM  1.00 : 3.86 100  
G3 100 ml 1 mM 4 ml 38.8 mM  1.00 : 1.55 20 
Sodium 
Borohydrate 
G4 50 ml 5 mM  100 ml 1 mM 1.00 : 0.40 20 NaOH 
G5 100ml 5 mM  200 ml 0.5 mM 1.0 0 : 0.10 20 NaOH 
G6 100 ml 5 mM  200 ml 0.25 mM 1.00 : 0.05 20 NaOH 
G7 20 ml 3.87 mM  180 ml 2.78 mM 1.00 : 6.467 70  
G8 20 ml 2.58 mM  180 ml 2.78 mM 1.00 : 9.70 70  
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4.3 Sample Preparation  
 
This section introduces pre analysis cleaning and preparative size separation techniques used 
to prepare nanoparticles and to clean all glassware used during the synthesis. Any excess 
capping agents and unreacted precursor ions need to be separated from NPs before they are 
analysed and characterised since they either may affect the quality of the analysis or may 
complicate the interpretation of the toxicity data of the nanoparticles. Similarly, bacterial 
cells need to be separated from the extracellular polymeric substances (EPS) prior to their 
fixation and sectioning for further imaging with transmission electron microscope (TEM) 
(see section 3.1.2). 
4.3.1 Glassware Cleaning 
 
All plastic and glassware used were treated with 10% nitric acid solution and thoroughly 
washed three times with utra high purity water (>18  cm-1) to prevent contamination 
between samples and between successive synthesis processes. The plastic and glassware were 
air dried prior to their usage. Gold nanoparticles adhere to reaction vessel walls strongly, so 
an aqua regia (1:3 concentrated nitric to hydrochloric acid) solution was used for their 
removal. 
4.3.2 Ultrafiltration 
 
Ultrafiltration is a separation method that uses pressure to squeeze liquid and dissolved 
chemicals through a porous membrane while molecules and particles which are bigger in size 
than the membrane pores are retained. Since the separation is based on the pore size, it can be 
used to achieve a size selected separation for cleaning and further analysis purposes (Timmer 
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et al., 1998, Trefry et al., 2010). Among the different materials used to synthesise 
ultrafiltration membrane polysulphone and cellulose acetate are  the most common materials 
(Dhawan, 2012). Ultrafiltaration process can be used to clean up and remove excess reactants 
and to quantify dissolution.  
The ultrafiltration system used in this project is Millipore stirred ultrafiltration cells model 
8400 which can filter a liquid volume of up to 400 ml. A pressurized nitrogen gas of 25psi is 
used to drive the liquid through a cellulose membrane with molecular weight cut off of 1kD. 
Samples were washed to remove gold ions by ultrafiltering 50 ml of AuNPs suspension. The 
volume was reduced to 25 ml and was replenished to 50 ml. This process was repeated three 
times with 1 hour interval between the subsequent filtration to allow the NPs to reach 
equilibrium. For each samples replicates of unfiltered sample for total concentration and 
filtrate for dissolved ions were collected and acidified with concentrated nitric acid for further 
analysis of gold concentration by inductively coupled plasma mass spectometry ICP-MS (see 
section 3.1.8). The average mean values of each replicate were reported and the gold NP 
concentrations were calculated by difference. The analysis was performed using an Agilent 
7500 ICP-MS instrument housed in an air conditioned room. 
4.4 Characterisation of the synthesised gold Nanoparticles (AuNPs) 
 
A number of analytical and imaging techniques have been used to fully characterise the 
synthesised AuNPs. The following subsections will introduce how these techniques were 
applied and the related sample preparation steps. 
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4.4.1 Centrifugation and ultracentrifugation 
 
Centrifugation technique (an Eppendorf 5804 R) was used with maxmimum speed 5000 rpm 
to clean samples by removing access coating agents and to achieve size based separation of 
the nanoparticles. It is also used to separate bacterial cells from the growth media for further 
analysis such as fixation and sectioning. 
 Ultracentrifugation technique (Beckman coulter type SW40 with average rotation axis (rmax) 
of 112.7 mm and K factor of 137) was used as preparation steps prior to the imaging of the 
particles with TEM (see section 3.1.2 below) and AFM (see section 3.1.3). Either mica sheet 
or TEM grid is immersed inside ultracentrifuge tube containing highly diluted samples 
followed by one hour spinning process with 30,000 rpm. This extremely high rotational speed 
drives all particles on the surface of the mica/grid at the bottom of the ultracentrifuge tube. 
 
4.4.2 Imaging NPs with Transmission Electron Microscopy (TEM) 
 
In this project JEOL1200 TEM which has a resolution of up to 0.45 nm was used to visualize 
both the gold nanoparticles and bacteria samples. It produces bright dark field images and the 
acceleration voltage of this instrument can be varied from 60 V to 120 V. for most of the 
samples 80 V were operated. Images were collected digitally using a Gatan Dual Vision 
300W digital camera. Nanoparticles were immobilised on a 300 mesh carbon-coated copper 
grid by immersing the grid in diluted solutions of nanoparticles and ultracentrifuging at 
150,000 g for 1 hour. Subsequently, grids were washed with water of ultra high purity and 
left to dry at room temperature overnight prior to TEM analysis. For the simple systems (i.e. 
NP suspension at low ionic strength) measured here, this preparation method was suitable, 
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although other methods should be used for complex samples (Domingos et al., 2009a) 
(Baalousha et al., 2012b, Baalousha et al., 2012a). Sections on the grid were randomly chosen 
and all NPs located within those sections were counted. Mean particle size, shape factor and 
associated standard deviations were calculated from the observation of at least 100 particles 
using Gatan digital micrograph software. The shape factor of particles was calculated using 
Equation 4-1 below.  
2
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Equation 4-1 
 
                                                          
Where P stands for perimeter and A for the area of the particles.  
Additional size measurements and energy dispersive x-ray (EDX) analysis were carried out 
on a JEOL 2100 analytical TEM, which has a LaB6 electron gun and can be operated 
between 80 and 200kV. This instrument has a resolution of 0.19nm, an electron probe size 
down to 0.5 nm and a maximum specimen tilt of ±10 degrees along both axes. The 
instrument is equipped with an Oxford Instruments LZ5 windowless energy dispersive X-ray 
spectrometer (EDS) controlled by INCA software for the analysis of the EDX data.  
 
4.4.3 Topography of the NPs measured with atomic force microscopy (AFM) 
 
In this project, XE100 (AFM) from Park System was used to image the gold nanomaterials 
(see section 3.1.3 for theoretical description of the AFM) adsorbed on freshly cleaved mica 
sheet of 1 cm
2
 surface. Prior to the measurement, the mica sheet was immersed in the AuNP 
solution in a centrifuge tube followed by ultracentrifugation process with 30,000 rounds per 
minute (rpm) for 1 hr. After that, it was gently rinsed with milli-q water and air dried for 
further analysis. The topographical sizes of more than 100 randomly selected particles were 
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scanned using non-contact mode of the AFM and analysed with XIE software provided with 
the instrument to study the topography and the shape of the particles and to estimate their size 
distribution. 
4.4.4 Hydrodynamic and zeta potential measurement with dynamic light scattering (DLS)  
 
The size and the zeta potential of gold nanoparticles synthesised during this project were 
continuously measured using dynamic light scattering from Malvern (see section 3.1.4) (He-
Ne laser Malvern High performance Particle Sizer Model NanoZS90 HPPS 5001). This 
instrument measures the hydrodynamic diameter of sphere which diffuses the same speed as 
the nanoparticles measured (Malvern, 2007). Since the diffusion rate depends not only on the 
core size of the particles but also any surface structures including the capping agents, the size 
measured with DLS will be larger  than  the size of the same particle measured with electron 
microscopy (Malvern, 2012). The measurement of the size was performed by filling a plastic 
disposable cuvet with the sample. It takes about 2 minutes to optimize the measurement 
conditions and to stabilize the temperature of the sample around 25 
0
C (Malvern, 2004). Five 
replicates were measured and their average values were reported.  
Apart from the size of individual NPs and zetapotential of the particles, this instrument was 
used to monitor the aggregation of AuNPs in different relevant media including the growth 
media of the bacteria and aqueous media of different ionic strength. In the case of the 
nanoparticles synthesized in this project where water media is used and particles sizes in 
lower nanometer scale Henery’s function (see section 3.1.5) is applied to calculate zeta 
potential from electrophoretic mobliliy measured with DLS. The nanosizer software controls 
the instrument and allows for analyzing the data to either drive the size or the zeta potential 
information of the particles.  
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4.4.5 Surface Plasmon Resonance (SPR) 
In this project, the localised surface Plasmon resonance ( see section 3.1.6 for the theory) of 
the freshly synthesised gold nanoparticles were recorded to study the presence of gold which 
has its characteristic absorption peak at around 520 nm(Daniel and Astruc, 2003, Liz-
MarzÃ¡n, 2005). The stability of NPs over a long period of time in both capping agents 
solution (6 months)  and two weeks in Minimal Davis Media -which is the growth media of 
bacteria- were studied by recording their LSPR spectrum. The LSPR of gold nanoparticles of 
different sizes has also been recorded and compared among them to study any red shift of the 
maximum absorbance wave length of the gold particles in the sample due to the different 
sizes of the particles.  
The instrument used for the measurement, collection and data analysis is 6800 Uv-vis 
spectrometer from Jenway (Figure 4-1 below). The main parts of this instrument are light 
source, sample holder, monochromator to select different wavelength of light, filter, detector 
and output (computer).   It is a double beam spectrophotometer with highly stable optics of 
1.5 nm spectral bandwidth. Jenway Flight Deck software was provided with it to collect, 
record, and display and analyse data. Solution spectra were obtained by measuring the 
absorption of dilute particle suspension at a wavelength in the range 200-700 nm in a quartz 
cell of 1 cm path length.  
 
Figure 4-1:  Double beam 6800 Uv-vis spectrometer from Jenway (2012) 
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4.4.6 Sizes as measured with Field Flow Fractionation (FFF) 
 
FFF was one of the size measurement techniques used in this project to measure the 
hydrodynamic diameter of the gold nanoparticles synthesised in this project.  Separation and 
sizing of gold nanoparticles were performed in an asymmetrical flow field-flow fractionation 
(from Postnova Analytics, Germany).  2 mM NaNO3 solution was freshly prepared and used 
as carrier solution in this analysis.    UV spectrometer was used for the detection of both the 
polystyrene standards (at 250 nm) and the eluated AuNPs (at 520 nm). Samples were diluted 
several times to verify the overloading effects of the samples. At least three independent 
replicates were analysed per sample and the data averaged. 
 
4.4.7 Concentration of gold with Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
 
In this, project, an Agilent 7500 ICP-MS instrument housed in an air conditioned room was 
used to measure the concentration of gold in the final solution of the synthesised goldNPs. To 
determine thes olubility of the AuNPs, samples were ultra-filtered using regenerated cellulose 
membrane with nominal pore sizes of 1 kDa. 50 ml of each sample was washed three times 
and ultra-filtered with equal volumes of milli-Q and between the consequent washings 1hour 
interval was allowed to leave gold nanoparticles to reach a steady state. Replicates of both the 
unfiltered sample and filtrate were collected and acidified with concentrated nitric acid for 
further analysis of gold concentration by ICP-MS.  The average mean values of each replicate 
were reported and the gold NP concentrations were calculated by difference.  
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4.4.8 Surface charge of the particles measured with potentiometric titrations method  
 
The surface-charge of all samples was determined using Titrando 809 from Metrohm with 2 
dosing 800 units for titrant delivery. The initial pH values of the NPs capped by citrate and 
the PVP capped NPs which are prepared through hot process were slightly acidic and the 
actual values lie between 4.6 and 6.2. The high pH of the PVP capped samples reduced by 
NaOH is obviously due to the large concentration of free hydroxide ions from NaOH in the 
media. Pre-measured aliquots of nanoparticle solutions were dynamically titrated with 
volumes of 0.1 mM NaOH solution. The volume addition (10 µL – 200 µL) depended on the 
rate of pH increase; a stability criterion of 0.5mV/min over 50 seconds was set. Titrations 
were performed up to pH10 and then back titrations using the same criteria were 0.1 M HCl 
to pH4. Suitable blanks (without NPs) were run and Gran method was used to find the 
equivalent point of the acid base titrations as explained below (see section 3.1.9 for 
theoretical description of the method). 
 
4.4.9 Studying the aggregation of AuNPs in solutions of different ionic strength. 
 
To investigate the effect of ionic strength on the size of the AuNPs, sodium nitrate solutions 
of different concentrations were prepared. A stock solution of 1M NaNO3 was made by 
weighing 8.499 g and dissolving in 100 ml of Milli-Q water. From this stock solution another 
more diluted stock solution of 100 mM of NaNO3 (stock solution 2 hereafter SS2) was 
prepared. After period of trial and error it was found that citrate capped and PVP capped NPs  
need to be test in two different ranges of NaNO3 concentrations due to lack of stability of 
citrate capped NPs in higher ionic strength. Citrate capped NPs were tested in a range of 
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NaNO3 concentrations varying from 0 mM to 20 mM while PVP capped NPs were 
investigated in higher concentrations of NaNO3 varying from 0 to 100 mM. 
 
4.5 Bacterial growth and media preparation techniques 
 
4.5.1  Media Preparation 
The bacteria used in this project were pseudomonas fluorescens strain SBW25 provided by 
Professor Christopher Thomas from school of biomedical science at the University of 
Birmingham. A detailed description of the pseudomonas fluorescens was given in chapter2 
(research background) section 2.3.3. Section 2.4 of the same chapter introduced the current 
knowledge of the interaction between these bacteria and the NPs in general with emphasis for 
the need of further research.  
 Pseudomonas agar base was used to grow bacteria on agar plates. To prepare growth media 
for the bacteria, 39.72 g of the agar were dissolved into 800 ml of distilled water and then 8 
ml of glycerol were added to the boiling agar mixture followed by 15 minutes of sterilisation 
at 121 
o
C.  After cooling down to 50 
o
C, the agar was poured into sterile Petri dishes in the 
clean laminar flow cabinet and stored at 4
o
C inside fridge. Biweekly, bacteria cells were 
spread on these fresh agar nutrients to keep them alive. Prior to the investigation of the effect 
of gold NPs on bacteria their stability in a liquid bacterial growth media need to be tested. 
Minimal Davis Media is used for this purpose and ingredients in the media are summarised in 
Table 4-2 below. 
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Table 4-2: Minimal Davis Media (MDM) 
Substance Mass (g/l) for 5x concentrated stock media 
K2PO4 3.1 
KH2PO4 0.8 
(NH4)2SO4 4.4 
MgSO4 0.4 
Na3C6H5O7.2H2O 2.2 
 
This solution was autoclaved and appropriate dilution was made depending on the 
concentration of the desired final media. Glucose was dissolved in the media and sterilised by 
using 0.1µm filter. The total ionic strength of the 5x concentrated stock solution of the 
minimal Davis media was calculated using Equation 4-2 (Solomon, 2001)  and was found to 
have value of 191 mM.  

r
i
ii ZCI   
Equation 4-2 
 
4.5.2 pH-measurement 
 
The pH of the freshly synthesised NPs solutions and bacteria growth media was measured 
using pH meter from Thermo Electron Corporation.  Prior to the actual measurement of the 
sample pH, The pH meter was calibrated using standard buffers  4, 7 and 10 and between 
each two buffers the pH sensor was thoroughly washed with milli-Q water. The sensor was 
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kept in the sample until stable pH reading was shown on the display of the meter and then the 
results were recorded. 
 
4.5.3 Sterilisation Techniques 
 
Sterilisation is the process through which equipments or solutions are made microorganisms 
free either by destroying or trapping the microorganisms to separate from solution(Moisan et 
al., 2002). Among the techniques employed to achieve sterilisation include heating, filtering, 
radiating and using chemicals depending on the nature of the materials which are to be 
sterilised(Mendes et al., 2007).   
In this project, all glassware and other autoclavable materials were sterilised in a steam 
autoclave at a temperature of 121
o
C for 15 minutes and then cooled to room temperature 
rapidly. During preparation of Minimal Davis Media, all inorganic salts without glucose was 
dissolved and steam autoclaved while glucose solution was sterilised through membrane 
filters of nitrocellulose with pore size 0.1µm to remove any bacterial contaminations. When 
bacterial cells are needed to be centrifuged out of the media, sterile plastic centrifuge tubes 
were used. Any handling regarding the preparation of the media and sampling of the bacterial 
culture for the further analysis was carried out in a clean laminar flow cabinet. The floor of 
the cabinet was treated with 70% ethanol-water. Inoculating metallic loops are sterilised by 
heating them with the roaring blue Bunsen burner flame until they glow red and all bacterial 
cells are destroyed.  
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4.5.4 Routine preparation of bacterial specimen for examination in a Transmission Electron 
Microscope (T.E.M.) 
  
4.5.4.1 : Chemical Fixation 
Bacterial samples were grown in MDM media for a period of 12 hrs to reach the exponential 
growth phase. Similar concentration of Gold NPs of different coating agents and gold ions 
were exposed to the bacteria for a period of 5 hrs. Bacterial samples were centrifuged (see 
section 4.4.1 above) and cells were chemically fixed using 2.5% of gluteraldehyde in 
phosphate buffer solution for 1 hour. This step was followed by secondary fixation step 
where the bacterial cells were transferred in 1% tetroxide and kept for another one hour  
4.5.4.2  Dehydration 
 Bacterial cells were then dehydrated using a series of gradually increasing alcohol solutions 
as summarised in Table 4-3 below. 
Table 4-3: Concentrations of the alcohol used for dehydration of the bacterial cells. 
Percentate alcohol  Duration  (minutes)  Replicates  
50% Alcohol        15 Twice  
70% 15 Twice  
90% 15 twice 
100% 15 Twice  
  
4.5.4.3  Embedding 
  
After treating the cells with the above mentioned series alcohol concentration, propylene 
oxide /resin (1:1 ratio) was prepared on a rotator in a fume cupboard for 45 minutes.  The 
resin was left on the rotator for another one hour. Samples were then placed just under the 
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surface of the resin in embedding moulds and vacuum was applied for 30 minutes. The resin 
was then polymerised at 60 
o
C for 16 hours. 
4.5.4.4  Ultra Thin Sections 
  
To obtain ultra thin sections (50 – 150 µm), diamond knife was used and sections were 
collected on TEM grid. . Samples were then stained with uranyl acetate before examination 
with the TEM (see section 3.1.2). 
 
4.5.5 Quantification of Bacterial Growth  
 
There are different ways of quantifying bacteria growth. One traditional quantification 
method is the bacterial colony counting method where the number of colony of bacterial 
sample on agar plate is counted. Simple comparison of the number of colony in samples 
treated with chemicals and the number of colony of untreated sample gives information about 
the bacterial growth inhibition effect of the chemicals under investigation.  Another 
Alternative, faster method for bacteria quantification is the optical density measurement 
technique explained below. 
The growth of the bacteria in the Minimal Davis Media (MDM) was monitored continuously 
in the whole growth period and phases by measuring the optical density of the bacterial 
suspension. The more cells are in the media the more cloudy the suspension becomes and the 
higher the absorbance of the light is. Optical density is measured with UV_Vis (see section 
3.1.6 for a detailed description of this technique) and the wave length chosen was 595 nm 
which is the wave length where most of the light is absorbed by pseudomonas fluorescens 
(Fabrega et al., 2009).  
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Different techniques have been applied in biological suspensions to quantify bacterial 
biomass in the sample.  The measurement is based on chemical, photometric and/or physical 
variables. Of the above mentioned properties, the most implemented one is the sensors that 
measure the turbidity of the culture such as optical density measurements. It is an easy, fast 
and non-destructive method (Toennies and Gallant, 1949) for estimation of the bacterial mass 
in a culture. Here, the amount of light absorbed by the culture is compared to a blank sample 
and the difference is related to the bacterial population in the culture (Clesceri et al., 1998)  
Linear trapezoidal method was applied to estimate the area under the growth curve of the 
bacterial culture. There are three steps in this method: first the area of each trapezoid is 
measured using Equation 4-3. 
)12(*)21(
2
1
ttOOA   
Equation 4-3 
            
Where A is the area of each trapezoid, O1 and O2 are optical density of the culture at time t1 
and t2. 
Then the area of all trapezoids are added together to give estimation for the area under the 
curve. Finally, the percentage growth inhibition was calculated using Equation 4-4  
100*
b
sb
A
AA
I

  
Equation 4-4: 
 
 Where I is the percentage growth inhibition, As is the area under the sample curve and Ab is 
the area under the blank curve. 
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4.6 Statistical analysis of the samples. 
 
The mean and standard deviation of the measurements were calculated using Equation 4-5 
and Equation 4-6 below respectively (Miller and Miller, 1993). These equations are build in 
function of the excel software which automatically calculated and provides the values.  
n
X
x nn


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Equation 4-5 
           
 Where n is the number of replicates in each measurement. 
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Equation 4-6 
         
Similarly to carry out the significance tests between sizes measured with different techniques 
student t-test was calculated using the following equations. First of all pooled estimate of 
standard deviation was calculated from the two individual standard deviations using Equation 
4-7 below.  
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Equation 4-7 
        
Then t-value is calculated using the following equation 
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 To test correlation significance between two factors, t- values were calculated using 
Equation 4-9 below.  
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Equation 4-9 
 
           
Where n-2 is the degree of freedom and r is correlation coefficient. Then tdist (t, freedom, 
tail) function of the excel software was used for this purpose. 
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Chapter 5: Synthesis and Characterisation of Gold NPs  
 
5.1 Introduction 
 
Synthesised NPs with known properties can give a basic platform as test materials to 
understand the potential fate, behaviour and biological effects of nanomaterials on organisms 
and in ecosystems. NPs of the same elements with different coating agents can be synthesised 
to study how the surface coating affects their fate and behaviour in the environmental 
relevant conditions. Likewise, the size, shape and the charge of the nanoparticles can be 
tuned to study the property - response relationship of the environmental organisms.  Although 
it is hard to reach a clear-cut consensus on the number of parameters that should be provided 
in ecotoxicology studies, scientists suggested that a minimum set of parameters should 
include the elemental composition of the particles, as well as surface morphology , and 
imaging by TEM (Bucher et al., 2004).  Thus, the first aim of this PhD project is to synthesise 
a well defined AuNPs of range of sizes and with different coating agents. After synthesis, the 
particles need to be fully characterised using a number of techniques and their stability will 
be measured and monitored. Next sections will be devoted to describe the synthesis 
procedures and the analysis and interpretation of the characterisation results. It will be the 
task of the next chapter 5 to study the interaction of these synthesised and fully characterised 
AuNPs with environmental relevant bacteria Pseudomonas fluorescens. 
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5.2 Results and discussion. 
 
Gold nanoparticles of a range of sizes with different capping agents were prepared using 
three different synthesis methods as fully described in chapter 4 section 4.2 and its 
subsections. Special attention was devoted on the quality of the product of the synthesis 
methods by comparing the properties of the nanoparticles in terms of size distribution, 
monodispersity, solubility and sphericity of the NPs. For the characterisation of the NPs, a 
multi-method approach was applied(Domingos et al., 2009a, Baalousha et al., 2012a, 
Baalousha et al., 2012b) where different but complementing modern analytical and imaging 
techniques were used to collect relevant and quality physicochemical data for the NPs. 
5.2.1 Synthesis and growth of AuNPs 
 
In the present work, the synthesis of AuNPs was carried out using two different capping 
agents: citrate and PVP. Samples with codes G1, G2 and G3 (see Table 4-1 in chapter 4 for the 
experimental conditions and the concentrations of the reactants used for each sample) used 
trisodium citrate. When the citrate solution was added into the boiling tetrachloroauric acid 
solution, an instantaneous colour change was observed. Upon addition of citrate, the initial 
yellow gold solution turned into a colourless solution which indicates that the gold ions are 
reduced into neutral Au atoms (Polte et al., 2010). Then the colourless solution became blue 
followed by a wine-red colour within 5 minutes which remained unchanged. This red colour 
indicates the formation of stable gold nanoparticles (Faraday, 1857, Turkevich, 1951, Frens, 
1973). In like manner, the colour change and the growth of the samples G4, G5 and G6 (see 
Table 4-1 in chapter 4 for description of the samples) which were reduced by NaOH and 
stabilised with PVP manifested the same pattern as the above explained citrate capped 
nanoparticles with a similar time scale. However, the colour change of the samples G7 and 
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G8 reduced and capped by PVP and prepared using hot process method (see Chapter 4: 
section 4.2.3.2) was observed after heating the solution to 70 
o
C and waiting about 30 
minutes. The total reaction time of these last samples was 3 hours. This slow change can be 
associated with the weak reducing effect of the PVP. Apart from the duration of the methods, 
there are a number of experimental conditions between the methods which needs to be 
considered. High temperature of around 70
o
C is needed for PVP hot method followed by a 
extensive cleaning process with water-ethanol solution (3:1 ratio) for the removal of the 
excess PVP. For the other two methods the synthesis was conducted at room temperature 
with no further washing process. Practically, PVP hot synthesis (Chapter 4: section 4.2.3.2) 
method lasted longer, required higher temperature, more chemicals were used for cleaning 
and resuspending step and the result was less monodisperse than the other two synthesis 
methods as can be seen in Table 5-1 below. 
5.2.2 Characterisation of AuNPs 
 
For the characterisation of synthesised NPs, their main physicochemical properties have been 
measured and analysed. Among the properties which have been measured are size, shape, 
surface plasmon, monodispersity, surface charge, dissolution and stability in different 
environmental relevant conditions.  
5.2.2.1 Presence of gold nanoparticles  
 
In all three different synthesis methods summarised above and described in Chapter 4: 
section 4.2, the colours of the solutions have changed from yellow, due to gold ions from the 
precursor to ruby red which is a characteristic for the formation of gold material in nanoscale 
(see Figure 5-1 below). In PVP cold synthesis method (see above) and in citrate method, the 
colour change was faster. It lasted less than 10 minutes. However, in the PVP hot method 
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(see Chapter 4: section 4.2.3.2) the colour change was relatively longer with duration of 
approximately 30 minutes. 
  
Figure 5-1: Yellow colour of the gold solution changed into ruby red during the formation of AuNPs. 
The colour change manifested is caused by surface plasmon resonance (SPR) of the forming 
gold NPs. Therefore, the presence of gold NPs in the final suspensions was further confirmed 
by Uv-vis absorbance measurement which shows the NPs localised surface plasmon 
resonance (LSPR) behaviours. The spectra are given in Figure 5-2 and clearly indicate the 
characteristic sharp absorbance peak around 520 nm, which is a characteristic of gold (Daniel 
and Astruc, 2003, Liz-MarzÃ¡n, 2005). The narrow peak and absence of other peaks above 
550 nm indicates the monodispersity of the particles.  
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Figure 5-2: The surface plasmon resonance (SPR) of freshly prepared AuNPs and the maximum absorption takes place 
around 520 nm.  
 
5.2.2.2 Size and size distribution 
 
The size and size distribution of the NPs have been studied using a number of different but 
complementary imaging and size measurements techniques. Among the techniques used for 
the size measurements include dynamic light scattering (DLS), field flow fractionation (FFF), 
transmission electron microscope (TEM), atomic force microscope (AFM) and ultraviolet 
visible spectroscopy (Uv-vis). Detailed description of the practical application and the 
theoretical background of each technique were given in sections 4.4 and  Chapter 3: of the 
97 
 
previous chapters. Results and measurements from these techniques are summarised in the 
following subsections. 
5.2.2.2.1 DLS and FFF measured hydrodynamic sizes  
 
DLS and FFF were used to quantify the hydrodynamic diameter which is the core size of the 
particles plus the size of the coating agents. For the samples measured, the sizes from the two 
techniques were fairly comparable as can be seen in Table 5-1.The hydrodynamic z-average 
values, measured with DLS, of samples vary from 11.55 nm to 41.77 nm for citrate stabilised 
samples and from 22.60 nm to 102 nm for PVP stabilised samples. All DLS data plus 
standard deviations of the measurement were recorded in Table 5-1. DLS diagrams are 
presented in Figure 5-4 and it shows that samples synthesized have different sizes. Figure 5-4 
also shows that most of the samples are monomodal in distribution except the samples 
synthesised through PVP hot method which shows two distinct peaks for both measured 
samples (G7 and G8). Figure 5-3 represents the FFF raw data of the three standards showing 
their relative elution times and the UV_vis detector signal by 254 nm wavelength.  
 
 
 
 
 
 
 
 
Figure 5-3: Raw data of the three standards as measured with FFF.  The bigger the size of the nanoparticles the longer it 
takes for NPs to get eluted through the FFF column.  
The sizes of the samples measured with FFFF show similar range as the DLS size. G2 has 
DLS z-average size of 18.2 ± 0.4 nm and FFF measured size of 16.0 ± 5.0 nm. Similarly the 
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G5 has Z-average of 22.6 ± 0.7 nm and FFF size of 19.5 ± 7.5.nm. These data show that the 
difference between the sizes measured with DLS and FFF is in the margin of error. For 
sample G2, T-experimental (1.27 calculated from the samples means and the standard 
deviation) is smaller than T-critical 2.45 (degree of freedom 11) and for sample G5, T-
experiemtal is 1.18 < than T-critical 2.45. Thus they are not significantly different.   
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Figure 5-4: DLS diagrams of eight samples illustrating the sizes of the particles. Samples G1.G2 and G3 are stabilised by citrate, samples G4, G5, and G6 are reduced by NaOH and stabilised 
by PVP while samples G7 and G8 are stabilised PVP. The peaks around 100 nm for the last two samples are big gold particles which shows that the last two samples are clearly more 
polydispersity than the other samples.
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5.2.2.2.2 Colour change analysis. 
 
Synthesised particles demonstrated colours varying from red for smaller particles to purple for larger 
particles as shown in Figure 5-5. The reason why NPs have different colours can be attributed to the 
fact that smaller particles (<30 nm) absorb the blue section of the white light spectrum and reflect the 
red portion which is responsible for their red colour. On the other hand the larger particles due to their 
size, absorb larger wavelength in the red portion of the spectrum and reflect the blue section which 
explains why they have purple/blue colour. This property can be used to study the kinetics of size 
changes phenomena such as agglomeration and aggregation of the particles (de la Rica et al., 2012, 
Hayden et al., 2012).  
 
Figure 5-5: Freshly synthesised AuNPs of different sizes. Ruby red colour at the left is for smaller (around 10 nm)  AuNPs while the 
purple colour at the right is manifested by bigger particles (around 45 nm hydrodynamic size). 
For further analysis of the particles with different sizes, their surface Plasmon resonance (SPR) 
properties were recorded and compared among them using modern double beam Uv_vis 
spectrophotometer technique. As explained in Chapter 4: section 4.4.5 of the materials and 
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methodology the SPR is the effect of the interaction between the oscillating magnetic/electric fields of 
the electromagnetic waves including visible light and the delocalised surface electrons of the metallic 
nanoparticles. The position of the maximum absorbance measured with Uv-vis depends on a number 
of factors including the shape, the dialectric constant, the surrounding media and the size of the 
nanoparticle s(Eustis and El-Sayed, 2006).  
SPR spectra of AuNPs with range of sizes were recorded and presented in Figure 5-6 a below. Then the 
hydrodynamice diameters measured with DLS were plotted against the wavelengths corresponding to 
the maximum absorbance of each particle size and illustrated in Figure 5-6 b below. There is 
understandable positive correlation between the two variables:  the size and the wavelength of the 
maximum absorbance, with regression constant ( R
2
 = 0.94). Here, Uv-vis data has supported the fact 
that the synthesised gold nanoparticles have a range of different sizes. It can be clearly seen that the 
particles with bigger sizes have their maximum absorbance at a relatively higher wavelength toward 
the red section of the visible light spectrum. The wavelength of the maximum absorbencies of the NPs 
varied from 517 nm to 529 nm when the z-average values size of the hydrodynamic diameter of 
particles measured with the DLS varied from 11 nm to 92 nm as can be seen in Figure 5-6 below. 
To test the significant of the correlation, t-value was calculation using equation Equation 4-8 in 
section 4.6 Chapter 4:. 
Then tdist(t,freedom,tail) function of the excel software was used to calculate probability value of 
4.5E0-
8
 which much smaller than 95% significance value of 0.05. Thus the correlation is not-
significant.
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Figure 5-6: Graph showing the relationship between the size and the SPR maximum. The bigger the size of the particles the higher the wave length of the maximum absorption Part a) 
illustrates the red shift of the maximum SPR due to the increasing size.  Part b) presents the positive correlation between z-average and the SPR maximum. 
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5.2.2.2.3 TEM and AFM measured core sizes. 
 
TEM micrographs of the synthesised particles were measured using TEM jeol1200 (see Chapter 4: 
section 4.4.2 for the imaging procedure plus sample preparation methods and section 3.1.2 for 
theoretical background of the TEM technique) and the microgarphs of representative samples are 
presented in Figure 5-7 for citrate and Figure 5-8 for PVP capped gold samples. Size distributions 
histograms of the different types of the synthesised gold nanoparticles were also calculated and 
shown in these graphs. Variations in size were achieved with varying the initial molar ratio between 
the tetrachloroauric acid and the capping agents (citrate and PVP) (Frens, 1973) (see Table 4-1 in 
Chapter 4: for the experimental condition and the concentration of the reactants used for the 
synthesis of the particles).  
The average core sizes of citrate capped particles from a minimum number of 100 particles were 
found to be in the range 7.1 nm to 32.6 nm while PVP-coated particles (minimum 100 particles) 
have core sizes varying 11.4 nm to around 85 nm (see details with standard deviation in Table 5-1). 
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Figure 5-7: TEM images and size distribution histograms of citrate capped AuNPS of two sizes of AuNPs. G1 particles are clearly 
bigger in size than in G2. See full description of the nanoparticles in Table 5-1.  
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Figure 5-8: TEM images and size distribution histograms of cold method prepared PVP capped AuNPs of different sizes. Right-
hand side of the figure is presented  with excel calculated size distribution of the particles, 
 
For further analysis of the size of the synthesised gold nanoparticles, samples were immobilised on 
mica sheet (see section 4.4.3 of Chapter 4: for details of procedures) and AFM topographs were 
recorded using noncontact mode of the AFM. Average diameter and size distributions of the 
particles were calculated and illustrated in Figure 5-9 below and recorded in Table 5-1. 
G5 
G6 
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Figure 5-9:Topographs of three different particles as measured with AFM and the corresponding size distribution. AFM images 
courtesy Dr Mohamed Baalousha. 
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5.2.2.2.4 Comparison of the sizes measured with different techniques 
 
The size measurements results of the abovementioned techniques were summarised in Table 5-1 
below. In addition to the size data, the table gives standard deviation values and other relevant 
technique specific parameters such as polydispersity index (PDI) for DLS data.  
Table 5-1: Hydrodynamic diameters and core sizes of AuNPs as measured with different techniques. 
Sample 
Code 
TEM 
(nm) 
AFM 
(nm) 
DLS 
(nm) 
FFF 
(nm) 
DLS-
TEM 
DLS/TEM Shape factor 
G1 32.6 ± 6.5  41.77± 0.74 
(PDI = 0.28) 
 9.18 1.3 0.84 ± 0.07 
G2 14.2 ± 1.0 13.3 ± 1.3 18.27 ± 0.36 
(PDI = 0.19) 
16.0 ± 5.0 4.07 1.3 0.92 ± 0.05 
G3 7.1±2.4 7.1±2.3 11.55 ± 0.42 
(PDI = 0.20) 
11.8±4.4   0.89±0.05 
G4 ±  102.00 ±0.17 
(PDI = 0.19) 
    
G5 11.4 ± 2.8 9.5 ± 3.5 22.60 ± 0.70 
(PDI = 0.14) 
19.5 ± 7.5 11.2 2.0 0.87 ± 0.09 
G6 23.3 ± 3.8  35.31 ± 1.02 
(PDI = 0.13) 
 12.01 1.5 0.89 ±0.05 
G7 11.6±2.7 - 60.4±0.2 
(PDI=0.43) 
 48.8 5.2 0.80±0.014 
G8 7.3+2.2  37.8±0.4 
(PDI±0.54) 
 30.5 5.2  
 
The data in Table 5-1 shows that the DLS-measured Z-average hydrodynamic diameters of the 
synthesized particles are always larger than the sizes obtained by TEM and AFM analysis and are 
fairly comparable with FFF data which also gives a measurement of hydrodynamic diameter 
calculated from the diffusion coefficient of the particles.  To see whether the abovementioned 
difference is significant, student ttest ( P = 0.05) was conducted and the results for citrate capped 
samples and PVP capped samples were summarised in the following Table 5-2 below. The averages 
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of DLS measurements were calculated from only 5 replicates while the TEM averages were 
calculated from at least 100 particles. To find the value of T-critical from statistical tables, the size 
of the smaller DLS replicates (5 replicates) were used. For nearly all samples analysed t-
experimental were larger than the t-critical which means that the difference is significant. This 
difference between DLS and FFF on one hand and TEM and AFM on the other hand, can be caused 
by the combination effect of a number of factors including the degree of polydispersity of the 
particles and type and size of the coating agents. In the sense that the higher the polydispersity the 
higher the difference between the DLS and TEM/AFM sizes. Regarding coating agents, the organic 
stabilizer in this case citrate and PVP is transparent to electrons, so TEM gives the size of only 
more electron dense metallic core of the particles, whereas DLS measures the hydrodynamic 
diameter of the gold NP calculated from the diffusion coefficient. The DLS size, therefore, includes 
the core, the capping agent and any associated water (Diegoli et al., 2008). Another important point 
is that the difference between DLS and TEM is always higher for the PVP stabilised samples than 
the citrate stabilised samples (see Table 5-1). This is due to the fact that PVP is a long chain polymer 
while citrate is a much shorter molecule. 
Table 5-2: Significant test data for the size difference between TEM core sizes and DLS hydrodynamic diameters. 
Sample 
code  
Capping 
agent 
T-experimental T-critical (degrees 
of freedom) 
Null hypotheis:No difference between 
sizes measured TEM and DLS 
G1 Citrate 5.70 2.78 T-exp > Tcrit = rejected 
G2 Citrate  2.50 2.78 T-exp < Tcrit = accepted 
G3 Citrate 1.85834 2.78 T-exp <Tcrit = accepted 
G5 PVP 4.677171 2.78 T-exp > Tcrit = rejected 
G6 PVP 7.524014 2.78 T-exp > Tcrit = rejected 
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5.2.2.3 Shape of the AuNPs 
 
TEM and AFM images of the freshly synthesised NPs presented in Figure 5-7 and Figure 5-8 above 
respectively have clearly manifested the spherical shapes of the synthesised nanoparticles. The 
images clearly show the presence of individual spherical particles in the samples. Quantification of 
the shapes of the all particles was attempted by calculating their shape factors using Equation 4-1 in 
Chapter 4: materials and methodology. This equation gives information about the sphericity of the 
particles. Perfect spherical particles will have shape factor values of 1 while other particles will 
have values less than 1. The nearer the value to 1 the more round the particle is.  
The calculated shape factor values of the synthesised particles were near 1 and higher than 0.8 for 
all samples as listed in the result Table 5-1 above. Figure 5-10 presents the shapes of the typical PVP 
capped AuNPs. It is clear from these images that the synthesised AuNPs are of high quality, 
monodisperse and spherical in shape. This monodispersity in shape of the nanoparticles is an 
essential for the interpretation, analysis and comparison of any effect-property data caused by 
another property of the particles such as size, surface charge,etc. 
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Figure 5-10: Typical TEM images of freshly synthesised gold nanoparticles showing highly spherical monodisperse AuNPs. The 
particles have an average core size of 10 nm. 
For the quantification of the shapes of the synthesised gold nanoparticles, from each sample at least 
100 particles were randomly chosen throughout the surface of the TEM copper grid and shape 
factor distribution diagrams of the particles were plotted and illustrated in Figure 5-11 below. It can 
be seen from the shape factor distribution diagrams that for all samples 95% of the particles have a 
shape factor value better than 0.8 which clearly confirms the sphericity of the synthesised AuNPs 
since this value is not far from the perfect sphere shape factor which is 1. 
  
G1 G2 
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Figure 5-11: Shape factor distribution diagrams of AuNPs calculated from TEM images. G1 and G2 are coated by citrate. G5 and 
G6 are coated by PVP polymer. Relevant physicochemical properties of the NPs presented in this graph are summarised in table 
5.1 above. 
 
5.2.2.4 Surface chemistry  
 
Surface chemistry of NPs is mainly determined by the type of coating agents stabilised with the  
NPs. Coating agents can have effect on a number of measureable surface properties of NPs such as 
pH, zeta potential and surface charge. The surface charge of the particles may arbitrate either 
attraction or repulsion between NPs and other components in the relevant media such as 
environmental present chemicals, organic materials and organisms. Steric polymerisation may on 
the other hand affect drastically the size of the coated particles and subsequent transport in the 
environment. Therefore, surface chemistry is a key property for the ultimate fate and behaviour of 
the NPs in the environmental relevant conditions including ionic strength, amount of naturally 
occurring organic matters and microorganisms. For the sake of identifying the surface properties of 
the NPs, pH, zeta potential and surface charge of the synthesised NPs were measured and presented 
in the result Table 5-3 below.  
G5 G6 
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Table 5-3: Surface chemistry properties of freshly synthesised AuNPs with different coating agents in terms of surface charge, pH 
and zeta potential. 
Sample code Zeta potential (mV) Surface Charge (c/g) pH 
G1 -52.5 ±1.05  6.24 
G2 -46.6 ± 2.4 -2180 6.27 
G3 -26.0 ± 3.37 -2662 6.43 
G4 -20.1 ± 0.0 - 7.45 
G5 -19.1 ± 5.0 - 7.53 
G6 -18.1 ±0.5 - 7.39 
G7 -15.9 ±0.6 -459 4.76 
G8 -20.4 ± 1.3 -730 5.23 
 
Zeta potential is a measurement of the overall charge of the particles in media and it indicates the 
stability of the particles in the sense that the higher the zeta potential the more stable the particles 
are. It is calculated from electrophoretic mobility of the particles in an applied electric field. From 
the zeta potential data in Table 5-3  can be seen that the citrate capped particles have higher values of 
the zeta potential than the PVP capped NPs. Among the PVP stabilised particles, their zeta potential 
are the same magnitude regardless of the synthesis method (hot or cold) used during the synthesis of 
the particles which indicates that the zeta potential is mainly determined by the surface coating. The 
pH of citrate capped NPs are around 6 while the PVP capped samples which were reduced by 
NaOH have apparently high pH. This can be associated with the fact that NaOH is strong alkaline 
and thus it raises the pH of the solution. 
5.2.2.5 Dissolved and nanoparticles fractions of gold 
 
The synthesis process of the nanoparticles begins with the reduction of gold ions into gold atoms. 
To quantify the fraction of gold ions which is changed into NPs and the dissolved fraction, the 
concentrations of both total gold and dissolved gold have been measured using ICP-MS. The 
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amount of gold atoms that had been changed into nanoparticles was obtained by the difference 
between total and dissolved fraction of gold. Table 5-4 shows that the percentage dissolved was less 
than 2.5% for all samples. In addition to that, it demonstrates that there are relatively more 
dissolved gold ions in the case of the PVP capped samples than the citrate capped particles.  
Table 5-4: Concentration of the total and dissolved gold in the samples as prepared and measured with ICP-MS. 
Sample Code Total 
gold(ppm) 
Dissolved gold 
(ppb) 
% dissolved  NPs gold ( obtained 
by difference) 
G1 11.07 52.00 0.47% 11.02 
G2 22.27 54.50 0.24% 22.21 
G3 89.55 43.75 0.05% 89.51 
G4 107.10 260.75 0.24% 106.84 
G5 105.95 2595.00 2.45% 103.36 
G6 93.7 2118.00 2.26% 91.58 
G7 106.2  811.00 0.76% 105.39 
G8 66.8 243.00 0.36% 66.56 
 
 
5.2.3 Stability of the AuNPs 
 
Nanoparticles prepared through chemical reaction where metallic ions are reduced to atoms need to 
be stabilised by suitable coating agents. Lack of appropriate stabilising agents will cause continuous 
growth of the particles and subsequent aggregation of the NPs. The stability of the synthesised gold 
nanoparticles has been monitored. The z-average of the hydrodynamic diameter of the NPs was 
measured using DLS for a period of six months and results are presented in Figure 5-12 below. The 
three measurements did not reveal any significant size variations in the period studied). 
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Figure 5-12:  Stability of two samples of AuNPs coated with either citrate or PVP is monitored over a period of six months from 
the synthesis date. 
The surface Plasmon resonance (SPR) of the samples was also recorded for a period of six months 
using Uv-vis spectrophotometer. The results presented in Figure 5-13 showed consistency of the 
absorption peak in that period and did not reveal any significant change in size which would be 
manifested as red shift in the six months period of study (see Figure 5-13).
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Figure 5-13: SPR spectra showing the stability of AuNP over a period of 6 months   a) citrate stabilised NPs b) is stabilised with PVP and prepared through cold method as explained in 
section 4.2.3.1 and c) are samples  prepared through hot method ( see section 4.2.3.2) and stabilised by the PVP.
a b 
c 
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5.2.4 Effect of ionic strength on the stability of the NPs 
 
Apart from the stability of the NPs over time, the effect of the ionic strength of the media on 
the size of both citrates capped and PVP capped NPs were investigated. Testing NPs in a 
range of ionic strength is essential for the understanding of the behaviour of the NPs in the 
environment since environmental relevant conditions may vary in ionic strength. For instance 
fresh surface water normally contains low concentration of dissolved ions while seawater has 
relatively higher ionic strength. The variation of the particles sizes as function of the ionic 
strength was illustrated in Figure 5-14 below. As manifested by the steep gradient of the graph 
in Figure 5-14 a citrate capped particles are more vulnerable to the ionic strength than the PVP 
capped ones.   
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Figure 5-14: The correlation curve of the z-average values of citrate capped NPs and the ionic strength of the media. The 
media used for this purpose was monovalent electrolyte which is NaNO3. Section a represents citrate capped NP. Section 
b is PVP capped NP. 
The increase in size of the nanoparticles indicates the formation of aggregates in the media. It 
is worth noting that the PVP coated NPs were tested in ionic strength as high as 100 mM and 
the increase in size is insignificant since the difference between the sizes is in the error 
a b 
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margin (see Figure 5-14 b above). DLS diagram given in Figure 5-15 below shows the 
aggregation of the citrate particles caused by ionic strength.  
Recently published data has investigated the effect of a) single monovalent and divalent 
elctrolytes of cations, b) a mixture of electrolytes and c) the anions on aggregation of citrate 
capped AgNPs Nanoparticles (Baalousha et al., 2013). This research has compared the effect 
of the above mentions electrolytes and concluded that divalent cations (Ca(SO4), Ca(NO3)2, 
MgCl2 and MgSO4 have stronger influence on aggregation as compared to monvalent cations 
NaCl, NaNO3, Na2SO4. Regarding to the anions, sulphates and nitrates did not manifest any 
specific ion effect while the addition of chloride ions has enhanced the aggreagation of the 
NPs. Similarly, El Badawy et al have investigated the effect of monovalent cations NaNO3 
and divalent cations Ca(NO3)2 on Silver nanoparticles of different coating agents (Badawy et 
al., 2010). Naked silver NPs, Citrate capped silver NPs and Borate capped silver NPs have 
aggregated at higher ionic strength (100 mM) while the presence of Ca
2+
 cations have 
resulted in enhanced apparent aggregation at ionic strength as low as 10 mM. Investigation 
on the aggregations of  silver nanoparticles coated with either PVP and citrate has revealed 
that divalent electrolytes were more efficient in destabilising the citrate coated NPs as 
indicated by the considerably lower critical coagulation concentrations (2.1 mM CaCl2 and 
2.7 mM MgCl2 vs 47.6 mM NaCl) (Huynh and Chen, 2011). 
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Figure 5-15: DLS diagram of citrate capped NPs in 16 mM NaNO3 solution showing that  citrate capped AuNPs particles  
clearly aggregate at this ionic strength and higher as  shown by the mixture of peaks. 
Figure 5-16 shows lack of aggregation of PVP coated NPs in high ionic strength solution. The 
ionic strength of the solution is as high as 80 mM. 
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Figure 5-16: DLS diagram of PVP capped NPs in 80 mM NaNO3 solution showing that there is no sign of NPs aggregations 
in this high ionic strength solutions. 
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5.3 Conclusion  
 
Prior to any exposure experiment of NPs on the environment, their physicochemical 
properties need to be studied so that the fate and behaviour of the NPs after exposure can be 
compared to their original properties. It is the aim of this chapter to synthesise and fully 
characterise good quality gold NPs of different sizes and different surface chemistries. 
Gold nanoparticles were synthesised using wet chemistry methods. Two types of coating 
agents (citrate and PVP) were used to stabilise freshly synthesised gold nanoparticles. During 
the synthesis, the first sign for the production of the NPs was manifested in colour change 
from yellow to ruby red. This was confirmed by the characteristic surface Plasmon resonance 
peak for gold which is around 520 nm. Multi - method-approach was used to fully 
characterise the synthesised NPs. Here, a range of different but complementing analytical and 
imaging techniques helped to measure relevant physicochemical properties of the NPs. In 
brief, stable, monodisperse, spherical AuNPs with two coating agents and a range of sizes 
were synthesised using one-step method approach. The NPs are homogenous in size and 
spherical in shape. Furthermore, the stability of the NPs was monitored and the results 
showed their stability even after one year from the synthesis date. The core size of citrate 
capped varies from 7 nm to 32 nm while PVP particles have core sizes ranging from 11nm to 
85nm. The shape factors of all samples were near to 1 and better than 0.8. From the ICP_MS 
measurements, it can be seen that for all samples 97.5% of gold ions were converted into NPs 
and just a very small fraction (<2.5%) is dissolved in the solution. Between different capping 
agents, the PVP capped NPs have more dissolved fraction than the citrate capped particles. 
Since the size, shape and monodispersity of stabilised gold NPs are fundamental features for 
their toxicity studies, these fully characterised gold NPs can form a reliable basis for potential 
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reference materials which help the identification of the ecotoxicological effects caused by 
certain variables. The range of sizes and coating agents will provide more versatility of these 
potential reference materials for the study of property-effect relationship in (eco) toxicology 
studies.  
These fully characterised, high quality AuNPs will be used in the following chapters to study 
their effect/interaction with the planktonic bacteria Pseudomonas fluorescens.
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Chapter 6: Stability of gold NPs in Minimal Davis Media (MDM)  and    
their Effect on Pseudomonas fluorescens. 
 
6.1  Introduction 
 
Nanomaterials behave differently in the different compartments of the environment 
(Praetorius et al., 2012).  Bacterial biomass forms an integral and important part of the 
environmental living organisms and the interaction between nanoparticles (NPs) and bacteria 
is an inevitable process(Pelletier et al., 2010). The effect of this interaction on both bacteria 
and on the behaviour of the nanomaterials is a matter of investigation and available studies 
remain far from being conclusive (Tong et al., 2007, Johansen et al., 2008, Kumar et al., 
2011).  
The main task of this chapter is threefold. First the stability and behaviour of the NPs in 
relevant bacteria growth media will be studied and monitored. The nanoparticles will be fully 
characterised in the growth media through measuring their physicochemical properties such 
as sizes, degree of aggregation, concentration, surface plasma and pH of the media which are 
important parameters for the study of the effect of the nanoparticles on any organisms. If the 
NPs change their properties in the full strength of the media, the media will be further diluted 
to preserve the original properties of NPs and special care will be taken so that the diluted 
media is still able to provide enough nutrients to guarantee the growth of bacteria without 
being starved. Secondly, the growth inhibition of environmental planktonic bacteria caused 
by different types of gold NPs will be investigated. Finally the behaviour of NPs after 
bacteria exposure will also be monitored. The bacteria chosen for this purpose is the 
environmental bacteria Pseudomonas fluorescens because of its widespread colonising in 
soil, plant and water. The strain used (SBW25) was received from Professor Christopher 
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Thomas from the Bioscience School in the University of Birmingham. Detailed information 
of the Pseudomonas fluorescens in general and the above mentioned strain in particular was 
given in Chapter 2: sections 2.3.3. In brief, pseudomonas flourescens is a rod shape, motile, 
non pathogenic, gram-negative aerobic bacteria with flagella as a medium for movement (see 
Figure 6-1. 
 
Figure 6-1: TEM images Pseudomonas fluorescens showing its rodshape body and its flagelles(Silby, 2006). 
Agar plates were prepared biweekly and bacteria samples were spread on a fresh agar plates 
to keep them alive (Figure 6-2). As mentioned earlier, prior to the investigation of the effect of 
gold NPs on bacteria their stability in a liquid bacterial growth media need to be tested. 
Minimal Davis Media is used for this purpose.  
 
Figure 6-2: Pseudomonas fluorescens growing on freshly prepared agar base plate. 
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6.2 Stability of the gold nanoparticles in Minimal Davis Media 
 
The stability of freshly synthesised samples of gold nanoparticles of the two capping agents 
(citrate and PVP) in MDM (see section 4.5.1 for the preparation of the media and its ionic 
strength) of different concentrations was monitored in a period of two weeks. Hydrodynamic 
size measured with DLS and Surface plasma resonance (SPR) was taken continuously while 
at the end of the experiment at day 9 samples were imaged with TEM to detect possible 
aggregations.  
6.2.1 Stability of citrate capped NPs in undiluted MDM media  
 
Citrate capped NPs of different sizes were prepared as explained in Chapter 4:section 4.2.2. 
The capping and stabilising by the citrate is achieved through charge stabilisation 
mechanism. Citrate is a negatively charged organic ion and by attaching it on the surface of 
the NPs repulsion forces between particles are created. The same negative sign of the surface 
of the NPs keeps them separated and thus preventing them from forming aggregates. If the 
conditions of the surrounding media such as ionic strength change the thickness of the 
electric double layer around the single particles will change in the sense that the higher ionic 
strength the thinner the double layer and this will affect the stability of the NPs. The stability 
of citrate capped 14.8 nm core size AuNPs (hereafter called G2) was tested in three different 
dilutions of MDM media and the results are summarised in following sections. The detailed 
physicochemical properties of the synthesised NPs including G2 are tabulated in the result 
Table 5-1 in Chapter 5: of the thesis.  
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6.2.1.1  AuNPs capped with citrate in undiluted MDM media. 
 
To study the stability of the NPs, G2 NPs were added into undiluted MDM media and their 
surface Plasmon resonance (SPR) were continuously recorded for two days using a Uv-vis 
spectrophotometer. Results were presented in Figure 6-3 below. The decay rate in the table 
was calculated below using Equation 6-1. 
t
A
R


  
Equation 6-1 
  
Where A is the maximum absorbance (AU) and t is the time (minutes). The unit of R is 
AU/Minutes. 
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Figure 6-3: Surface plasmon resonance (SPR) of 14.8 nm citrate capped  gold NPs in full strength undiluted MDM media 
measured in a period of 24 hours.  Time intervals of 40 minutes were used throughout the first 5 hrs of the experiment. 
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The surface Plasmon resonance of the freshly synthesised gold NPs changed rapidly in the 
first 60 minutes of the undiluted MDM media and disappeared completely after 24 hrs after 
the exposure of the NPs in the undiluted MDM media as is illustrated clearly in the above 
Figure 6-3. The reason for the disappearance of SPR is due to the formation of aggregates of 
bulk scale sizes. The maximum absorbance of each spectrum is determined and plotted 
against time as illustrated in Figure 6-4 below. 
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Figure 6-4:  Graph showing how the maximum SPR of  citrate capped AuNPs of 14.8 nm core size in undiluted MDM 
changes with the time. 
As highlighted in Figure 6-4, the absorbance is decreasing exponentially. The absorbance 
dropped from 0.9892 AU to 0.7244 AU in the first 60 minutes which corresponds with a 
decrease of -0.2648 AU. In the following hour the absorbance has fallen to 0.672 AU which 
corresponds with decrease of just -0.0524 AU. The maximum absorbance has completely 
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disappeared after 24 hours of exposure which corresponds when all NPs change into 
aggregates. The colours of the NPs changed from ruby red to black after 30 minutes as 
illustrated in Figure 6-5 below and after 24 hrs of exposure, huge aggregates of the NPs were 
visible at the bottom of the container.  
 
Figure 6-5: The characteristic red colour of the freshly synthesised AuNPs has changed into black within the first 30 
minutes in the full strength of the Mimimal Davis Media (MDM) 
DLS measurements of the above citrate capped AuNPs were performed after 30 minutes of 
exposing NPs in undiluted MDM and the  monomodial narrow peek with z-average of 18.3 ± 
0.4 with Polydispersity index (PDI) of 0.19 changed into a mixture of different peeks as 
illustrated in Figure 6-6 a and b respectively. 
 
 
 
Figure 6-6: DLS graphs showing aggregation of the citrate capped AuNPs (G2) in undiluted MDM media.  a)  monomodal 
size distribution by intensity measured with DLS of freshly synthesised 14.8 nm core size citrate capped AuNPs  b)  same 
NPs in undiluted media . Measurements were performed about 30 minutes after exposure.  
a b 
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Though the original sample was monomodial the multiple peeks some of them outside the 
nanoscale in Figure 6-6 b which indicated that aggregations of the NPs have taken place in the 
media within a period of only 30 minutes. 
After 9 days in the media, samples were prepared by the ultracentrigation method described 
in Chapter 4: section 4.4.1. Then, the grid was washed with milli-q and dried. Images in 
Figure 6-7 were taken with Jeol1200 TEM (see Chapter 3: section 3.1.2 for the theory of the 
TEM techniques). 
   
   
Figure 6-7: TEM images showing aggregates of different sizes of citrate capped AuNPS in undiluted MDM media. 
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Figure 6-7 exhibits large aggregates with a range of sizes and some single particles of the 
citrate capped AuNPs in the undiluted MDM media supporting the disappearing SPR 
spectrum illustrated in Figure 6-3 and the DLS data presented in Figure 6-6.b. The sizes of 
aggregates larger than 1000 nm were recorded. The results from different techniques 
presented above for the citrate capped AuNPs in undiluted MDM media clearly revealed that 
this type of NPs are unstable in this strength of the media. The undiluted media has ionic 
strength of 19.1 mM as calculated with equation Equation 4-2. It is a well-known 
phenomenon that charge stabilised NPs aggregate in high ionic strength media (Badawy et 
al., 2010, Cumberland and Lead, 2009). Consequently, the behaviour of the citrate capped 
NPs in diluted MDM media was investigated and results are presented in the following 
sections.  
6.2.1.2 AuNPs capped with citrate in 4x diluted MDM media 
 
The behaviour of G2 NPs in 4x diluted MDM media was further studied and characterised 
with uv-vis, DLS and TEM. The surface Plasmon resonance of the NPs was recorded for 14 
days and the data were presented in Figure 6-8 below. SPR of the particles remained 
unchanged throughout this period of time indicating that the AuNPs particles behaved in a 
quite stable manner in this 4x diluted MDM media. 
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Figure 6-8: Surface plasmon resonance measured with Uv-vis of  14.8 nm core size citrate capped AuNPs in 4x diluted 
MDM media measured in a period of 14 days. 
For further analysis of the citrate capped AuNPs in 4x diluted MDM media, DLS 
measurements were taken in different days and the results were presented in Figure 6-9, Figure 
6-10 Figure 6-11 and Figure 6-11 below. 
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Figure 6-9: Size distribution by intensity measured with DLS of 14.8 nm core size citrate capped AuNPs (G2) in 4x diluted 
MDM media measured day 1 of the exposure. 
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Figure 6-10: Size distribution by intensity measured with DlS of 14.8 nm core size citrate capped AuNPs after 5 days in 4x 
diluted MDM media. 
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Figure 6-11: size distribution by intensity measured with DLs of 14.8 nm core size citrate capped AuNPs in 4x diluted 
MDM media. Measurement was taken on day 9 of the exposure. 
 
The above DLS measurements which are spread over a period of 9 days have demonstrated 
that the size distribution by intensity of the citrate capped AuNPs remained monomodial with 
comparable polydispersity indices. In all three measurements there were no indications of 
aggregations taking place in the media since the intensity did not change and there are no 
peeks in the microscale area. Samples of the citrate capped AuNPs were prepared using ultra 
132 
 
centrifuge method for TEM imaging after 9 days of exposure in 4x diluted MDM media and 
images of the NPs were illustrated in Figure 6-12. 
 
Figure 6-12: TEM images showing stabile single particles of citrate capped AuNPs (G2) after 9 days of exposure in 4x 
diluted MDM media. 
In contrast with the full strength of the MDM media where complete aggregation of the NPs 
was recorded within 30 minutes (see section 6.2.1) the original spherical shape and size of the 
AuNPs were preserved (Figure 6-12) which specify the stability of the particles in this strength 
of the media ( ionic strength is 4.78 mM).  
6.2.1.3 AuNPs capped with citrate in 10x diluted MDM media 
 
One further step of the dilution of the media was carried out and the stability of the citrate 
capped AuNPs were tested and characterised. The Uv-vis measurements of the SPR of the 
particles and TEM images recorded and presented in Figure 6-13 a and b respectively.  
Since the citrate capped AuNPs have shown stability in 4x diluted media similar results were 
expected in the 10x diluted media which was clearly confirmed by both the TEM and Uv-vis 
measurements. 
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Figure 6-13:  a) SPR of citrate capped NPs in 10x diluted MDM media monitored ten days. b) : TEM images of citrate 
capped NPs after 9 days in 10x diluted media. 
 
6.2.2 Stability of gold NPS capped with PVP in MDM media  
 
The stability of the synthesised NPs is mainly determined by their surface chemistry which is 
the type of coating agents used to stabilise the NPs. While citrate stabilises through repulsion 
of the same charge on the surface of the NPs, PVP stabilisation is caused by sterisch effect.  
The bulk molecule of the PVP polymer separates the NPs and keeps them in the media.  The 
stability of PVP coated NPs was investigated in three different concentration of the MDM 
media.  TEM, DLS and UV-vis analytical techniques were used to study their behaviour in 
the media and the results are given in the sections below. 
6.2.2.1 AuNPs capped with PVP in undiluted MDM media 
 
The stability of PVP capped nanoparticles were studied in a period of 12 days. The surface 
plasma resonance of the PVP capped samples in undiluted media were recorded and 
presented in Figure 6-14. 
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Figure 6-14: The SPR measured with uv-vis of 10 nm core size PVP capped NPs in undiluted MDM media monitored in a 
period of 12 days. 
Unlike citrate capped NPs presented in section 6.2.1.1 where the SPR disappeared within 24 
hours in the full strength media  the SPR of the PVP stabilised gold NPs  remains unchanged 
for the measured period of 12 days. There is neither shift nor loss of the intensity which 
showed that PVP capped AuNPs are stable in size and shape in fully concentrated Minimal 
Davis media (MDM) in the monitored period. For further analysis the TEM samples were 
prepared on the 9
th
 day in media. It was expected that PVPNPs will stay stable in the diluted 
media since they are stable in the undiluted media. TEM images of 10 nm core size gold 
nanoparticles stabilised with PVP in three different strengths of PVP media were illustrated 
in Figure 6-15 below. 
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Figure 6-15: TEM images of gold nanoparticles capped with PVP in undiluted MDM media. Image a is in undiluted media, 
b  in 4x diluted media and c in 10 diluted media. Samples were placed on the TEM grid after 9 days in the media. 
 
Figure 6-15 above clearly put on view that gold NPs capped with PVP are stable in all three 
concentrations of the media including undiluted media. The individual nanoparticles are 
clearly visible on the grid with no sign of aggregation. This shows that PVP capped NPs are 
more stable in MDM media and other media with similar ionic strength than citrate capped 
gold NPs. 
After a period of trial and error to decide what strength of the MDM media can be used to 
maintain both the stability of the NPs and the growth of the bacteria, it was found out that on 
one hand NPs especially citrate capped NPs are not stable in the full strength of the MDM 
media (see section 6.2.1 above) while on the other hand bacterial growth in 10 diluted MDM 
media was practically both time-consuming and incomplete. So 4x diluted media provide 
enough nutrients for bacterial growth and both types of the NPs (citrate capped and PVP 
capped) remained quite stable. Therefore, for the remaining studies which are aimed to 
investigate the bacterial growth inhibition caused by the AuNPs the 4x diluted MDM media 
will be used. 
 
c b a 
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6.3 Growth curve of Pseudomonas fluorescens 
 
Pseudomonas fluorescens was grown in 4x diluted MDM media and placed in a shaking 
incubator rotating with 120 rpm at 25
o
C. Optical density at wavelength of 595 nm was 
recorded using UV-vis for a period of 52 hrs to scan the different growth phases of the 
bacteria and the results are illustrated in Figure 6-16 below. 
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Figure 6-16: Typical growth curve of the psoudomonas flourescencs strain SBW25 in 4x diluted MDM media. 
This growth curve is helpful to show the difference phases of bacterial growth. It shows a 
short lack phase of roughly 3 hours. It clearly displays an exponential phase starting after few 
hours and ending around 24 hours after the inoculation of the bacteria, which is when the 
bacteria are most vulnerable to toxicants. It is worth noting that the death phase is not very 
obvious here since both the dead cells and living cells scatter the light and Uv-vis measures 
both scatterings. 
6.4 Testing the Effect of AuNPs on planktonic bacteria 
 
 Generally, the growth of bacteria can be measured directly by counting cells using a cell 
counter or indirectly by using a spectrophotometer (turbidity measurement). In the 
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spectrophotometer method, the intensity of the scattered light depends on the number of 
bacteria cells in the media. The higher the number of cells the cloudier the suspension and 
more scattered the light. In this investigation, turbidity measurement was used to investigate 
possible bacterial growth inhibition caused by different types of AuNPs used by taking the 
optical density (OD) measurements of the bacteria suspension at a wave length of 595 nm. 
Though the OD method is a quick, non-destructive and easier to carry out than the counting 
method, one inherent problem of the turbidity measurement method is that the death phase of 
the curve is less obvious since the dead cells still physically scatter light. The theory  and the 
practical application  of the used Uv-vis instruments were given in sections 3.1.6 and  4.4.5 
respectively. 
High quality gold nanoparticles of different sizes and different capping agents which were 
synthesised using methods described in Chapter 4: section 4.2  and their stability in different 
strength of MDM were thoroughly tested and described in the above sections were exposed 
on Pseudomonas fluorescens bacteria growing in a liquid MDM media .The overall aim was 
to study the interaction of the nanoparticles with the bacteria and monitor the effect of the 
NPs on the growth of the bacteria. The experiment was divided into two stages which are: 
first, monitoring bacteria growth with UV-vis and second, characterising the NPs after 
bacteria exposure by DLS, Uv-sis, and TEM. 
6.4.1  Effect of AuNPs on the growth of the Pseudomonas fluorescens 
 
  In the first stage, the bacteria were grown in MDM media for 12 hrs to reach the middle of 
the exponential growth phase before any treatment with NPs is administered. This is followed 
by the continuous monitoring stage in which the growth of the bacteria in untreated media 
and in the samples treated with 10 ppm gold NPs of different sizes and coating agents were 
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quantified by measuring the optical density at a wavelength of 595 nm for a period of 30 
hours with Uv-vis. The size of the NPs used vary from 100 nm to 5 nm to cover the whole 
nanoscale range and the inhibition effect of two capping agents citrate and PVP on the 
bacterial growth  were also tested and compared with the untreated samples. The data of this 
part of the experiment are presented in the following sections starting first with the effect of 
two separate sizes of citrate capped AuNPs followed by the PVP capped particles and finally 
the effect caused by the gold ions. 
6.4.1.1 Interaction of 14 nm citrate capped on Pseudomonas fluorescens 
 
Freshly synthesised citrate capped gold nanoparticles (G2) (see Table 5-1 in Chapter 5:for the 
physicochemical properties of G2 particles) were exposed on the Pseudomonas fluorescens 
for a period of two consecutive days to investigate their possible toxicity with bacteria. All 
experimental handlings were carried out in a clean flow laminar cabinet sterilised with 70% 
ethanol while the air in the cabinet was kept sterilised by using Bunsen burner. Gold AuNPs 
were added aseptically to the bacteria suspension by using 0.2 m filter. Since the effect of 
NPs is most of the time associated with their small size and their large surface area it was 
hypnotized that gold NPs may affect the growth of bacteria negatively causing bacterial 
growth inhibition. To test this hypothesis and to make data reliable two independent tests 
were carried out in two different days. Results are presented in Figure 6-17 below and each 
point in the graph is the average values of 5 independent replicates.  
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Figure 6-17: Optical density (OD) on 595 nm wavelength  measured with Uv-Vis spectrophotometer of the bacteria treated with 14.8 nm AuNPs capped with citrate compared with the OD 
of the bacteria in the MDM media. Two graphs are for two independent replicates which were recorded in two different days. 
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The above data in Figure 6-17 imply that the growth of the bacteria was augmented with the 
presence of gold NPs capped with citrate. This is manifested by the fact that the OD595 of 
the bacteria treated with NPs in both tests is slightly higher than the MDM only media 
especially in the exponential growth phase area of the bacteria. This increase in growth 
caused by citrate capped NPs can be explained since the citrate is one of the nutrients in the 
MDM media. The NPs solution provides more citrate available for the bacteria to consume 
and grow. The data also suggest that this type of NPs have no negative effect on the growth 
of the bacteria. It is worth knowing though that the experimental errors were calculated and 
the error bars show that the increase of the growth caused by gold NPs solution is not 
significant since the error bars are overlapping. Similar investigations were carried out for 5 
nm core size citrate capped NPs (hereafter called G3) 10 nm core size PVP capped NPs (G5 
and 100 nm hydrodynamic sizes PVP capped NPs (G4). Physicochemical properties of these 
NPs are summarised in the result Table 5-1 in Chapter 5:. Findings are listed in the following 
sections. 
6.4.1.2 Interaction of 5 nm citrate capped on Pseudomonas fluorescens 
 
G3 NPs with final concentration of 10 ppm were exposed on Pseudomonas fluorescens 
growing in MDM media. The optical density was recorded and compared to the untreated 
sample. Size based toxicity of gold NPs was reported in some literatures where it was found 
out that the smaller particles manifest some degree of toxicity unlike the bigger particles(Pan 
et al., 2007). So, it was expected that smaller particles easily penetrate in the bacteria cells 
and effect its growth. The results from the G3 AuNPs on the growth of the bacteria are 
presented in Figure 6-18 below and it can be seen similar effect as G2 NPs where the growth 
of the bacteria is positively affected. This fact implies that the citrate capped particles of sizes 
between 5 nm and 14.8 nm core sizes have no measureable negative effect on the growth of 
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the bacteria, instead, they increase slightly the growth since the citrate can be utilised by the 
bacteria as carbon resource. 
.
142 
 
 
0.1
0.12
0.14
0.16
0.18
0.2
0.22
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
O
D
5
9
5
Time(hrs)
mdm
citrate  5 nm test1
 
0.08
0.1
0.12
0.14
0.16
0.18
0.2
0.22
0.24
0 5 10 15 20 25 30
O
D
5
9
5
Time (hrs)
mdm
normalised 5nm cit test2
 
Figure 6-18: Optical density (OD)  on 595 nm wavelength measured with Uv-vis spectrophotometer of the bacteria treated with 5 nm citrate capped AuNPs comaped with the OD of the 
bacteria in the MDM media. The two graphs are for two independent replicates of samples measured in two different days. 
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The lack of growth inhibition effect of AuNPs on different forms of bacteria was reported 
earlier in the literature by several previous studies (Hwang et al., 2008, Amin et al., 2009). 
Amin et al have investigated the effect of 15 nm citrate capped AuNPs on the growth of 
Esherichia coli and pointed out that there was no significant toxic effect caused by gold 
nanoparticles. In our study we found that both 14.8 nm core size  and 5 nm core size (as 
measured with TEM) citrate capped AuNPs have no significant inhibition effect on the 
growth of Pseudomonas fluorescens. 
6.4.1.3 Interaction of PVP capped NPs of different sizes on Pseudomonas fluorescens. 
 
After preliminary stability investigation of two sizes of PVP capped AuNPs, one from the 
upper limit of the nanoscale and one near to the lowest limit of the nanoscale were chosen 
and their interaction with the bacterial samples were tested. 
10 nm core size and 100 nm hydrodynamic diameter particles were added to bacteria 
suspension which is in the exponential phase of its growth phase. The final concentration of 
the gold in the bacteria suspension was kept at 10 ppm. As measurement of bacterial 
population, the optical density (OD) of the suspension at a wavelength of 595 nm was 
continuously recorded in a period of two days. For each size, two independent tests measured 
in two different days were carried out and each measurement point in the graphs represents 
the average value of 5 readings. Growth curves normalised on initial readings are illustrated 
in Figure 6-19 for 10 nm NPs and in Figure 6-20 for the 100 nm PVPAuNPs. The optical 
density of the bacteria treated with the PVPNPs showed similar growth curve as in the MDM 
media as illustrated in the Figure 6-19 below. 
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Figure 6-19: Optical density (OD) on 595 nm wavelength measured with Uv-vis spectrophotometer of the bacteria treated with 10 nm PVP capped AuNPs compared with the OD of the 
bacteria in the MDM media. Two graphs are for two independent replicates of samples measured in two different days.
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Figure 6-20: Optical density of the bacteria treated with 85 nm PVP capped AuNPs compared with the OD of the bacteria in the MDM media. 
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The growth with the PVP capped gold nanoparticles is slightly lower than the MDM alone. 
This implies that the PVP may have some toxic effects on the growth of the bacteria as 
manifested by lower optical density. It is important to know though that the difference is in 
the experimental error margin presented by the error bars calculated from 5 independent 
replicates and thus the difference is not significant. Linear trapezoidal method explained in 
section 4.5.5 was applied to estimate the area under the growth curve of the bacterial culture. 
The percentage growth inhibition caused by the PVP capped NPs was quantified using 
Equation 4-4 and a value of 10% inhibition was calculated for the 10 nm particles. 
6.4.1.4 Interaction of gold ions on Pseudomonas fluorescens 
 
Because of its antibacterial activity, the toxicity of silver ions attracted lots of consideration 
and its toxic effects on a range of different bacterial variety was confirmed by different 
researchers (Matsumura et al., 2003, Sambhy et al., 2006, Ratte, 1999, Feng et al., 2000). 
Similar studies for gold ions tested on a different variety of bacteria have indicated the 
toxicity of gold in the ionic form(Karthikeyan and Beveridge, 2002, Southam and Beveridge, 
1994).  The experiments described in the previous sections regarding the effect of gold NPs 
on environmental bacteria pseudomonas fluoresces had not shown any significant change on 
the growth of the bacteria represented by optical density of the bacteria population. It is worth 
knowing that the sizes of the AuNPs investigated and represented in the previous sections 
have almost covered the whole nanoscale range starting from 100 nm all the way down to 5 
nm core size. Therefore, one final experiment investigating the effect of gold ions on the 
growth of bacteria was planned and conducted in a similar way as the nanoparticles 
experiments. In accordance with previous experiment the final concentration of the gold ions 
was kept at 10 ppm in the bacterial suspension and ions were added in the media after 12 hrs 
of incubation which corresponds the exponential growth phase of the bacteria. An optical 
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density on 595 nm wavelength was recorded continuously in a period of two days. The results 
of the two independent tests carried out in two different days were plotted in Figure 6-21 
below.  
The data in Figure 6-21  below were normalised on the initial reading value, the experimental 
errors were calculated and presented as error bars in the curves. Although the initial reading 
of the OD in the MDM alone and in the ions - treated samples started on the same point (0.12 
AU) there was an increase of OD in the case of the MDM alone and a decrease of the optical 
density in the case of the ions - treated samples. The decreasing optical density growth curve 
of the bacteria indicates that the effect of gold ions on the growth of bacteria can be classified 
as bactericide effect and total inhibition of the growth has occurred. This effect is clearly 
comparable to the effect of silver ions reported earlier.  
 
 
148 
 
 
0.05
0.07
0.09
0.11
0.13
0.15
0.17
0.19
-1 4 9 14 19 24 29
O
D
5
9
5
Time (hrs)
mdm
Normalised ions test1
 
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
0 5 10 15 20 25 30
O
D
5
9
5
Time (hrs)
mdm
Nrmalised ions test2 
 
Figure 6-21: Optical density (OD) on 595 nm wavelength measured with Uv-vis spectrophotometer of the bacteria treated with gold ions compared with the OD of the bacteria in the 
MDM media. Two graphs are for two indepenedent replicates of samples measured in two different days.
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6.4.1.5 Citrate and PVP as carbon source for Pseudomonas fluorescens 
 
The results from citrate and PVP capped NPs on the growth of the bacteria presented in the 
previous sections indicated that the capping agents affected the bacteria growth in different 
ways. This led to further investigation of the bacteria growing in PVP and citrate media 
without any other carbon sources. The overall aim of this experiment was to test whether 
Pseudomonas fluorescens can grow in media without carbon resources except the capping 
agents of the NPs used in this project. The bacteria were incubated in citrate and PVP 
solutions separately. The concentrations of the capping agents in the solutions were 
comparable as their concentrations in the AuNPs synthesis media. After one week of 
incubation, the effect observed was presented in Figure 6-22 below. It can be undoubtedly seen 
that there is growth of the bacteria in citrate media manifested by the cloudy greenish colour 
of the solution caused by the bacteria cells producing the characteristic yellow-greenish 
Pyoverdine, pigment for the Pseudomonas fluorescens (Meyer et al., 2002). In the case of the 
PVP, there is no sign of growth at all which implies that the bacteria cannot utilise the PVP 
polymer as carbon source or PVP may have toxic affect on the bacteria which may be the 
reason why the growth of the bacteria in PVP capped NPs is slightly less than in the MDM 
media alone. 
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Figure 6-22:  Testing the ability of bacteria to consume citrate and PVP as carbon resources. Green liquid shows bacteria 
growing in citrate solution while clear liquid shows no growth of bacteria in the PVP solution. 
 
6.4.1.6  Comparison between citrate NPs , PVP NPs and gold ions 
 
In summary, the citrate capped NPs have slightly increased the growth of the bacteria. In 
contrast, the growth was reduced slightly by PVP capped AuNPs. It is worth noting though 
that both effects described above were not significant since the differences were in the error 
margins. The effect of gold ions on the bacteria growth was clearly significant. Gold ions had 
not only stopped the growth but they had a clearly bactericide effect as shown by the 
decreasing growth curves (see Figure 6-21 above). 
6.4.2 Characterisation of  AuNPs after exposure on bacteria  
 
Although the AuNPs were stable in the 4x diluted MDM media there is no guarantee that 
their behaviour will stay the same in the bacterial growth suspension where apart from the 
media there are also both extracellular polysaccharides  produced by bacteria and bacteria 
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cells. To investigate the fate and behaviour of the NPs in the post exposure period, both 
citrate and PVP capped NPs have been exposed to bacteria suspension for two days and then 
fully characterised. TEM images of the NPS with bacteria were recorded; DLS measurements 
of both unfiltered samples and 100 nm filtered samples were taken. The surface Plasmon 
resonance (SPR) of NPs was measured. Results are presented in the following sections. 
6.4.2.1 Characterisation of   citrate capped AuNPs after exposure to bacteria  
 
Characterisation of citrate capped AuNPs after two days exposure on bacterial suspension 
was conducted using DLS, Uv-vis and TEM. DLS measurements of unfiltered bacterial 
suspension are illustrated in Figure 6-23 and compared with the measurement carried out after 
filtering the suspension with 100 nm sterile filter presented in Figure 6-24 and Figure 6-25.  
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Figure 6-23: Size distribution by intensity measured with DLs of unfiltered bacteria suspension treated with 14.8 nm core 
size citrate capped AUNPs. 
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Figure 6-24: Size distribution by intensity measured with DLS filtered with 100 nm filter  bacterial suspension treated 
with 14.8 nm core size citrate capped AuNPs. The measurement was taken view minutes after treating the NPs in the 
bacterial suspension. 
-1
1
3
5
7
9
11
13
1 10 100 1000 10000
In
te
sn
ity
 %
Hydrodynamic diameter (nm)
 
Figure 6-25: Size distribution by intensity of bacterial suspension treated with 14.8 nm core size citrate capped AuNPs 
and filtered with 100 nm pore size filter. The measurement was taken after two days of exposure at the end of the 
experiment. 
Both the intensity and the place of the DLS peak at the start of the experiment (just after the 
addition of the NPs to the solution) were compared with its intensity and place at the end of 
the experiment. The two measurements show fairly comparable results for both the intensity 
and place of the peaks (see Figure 6-24 and Figure 6-25). The place of the peaks indicates that 
the size of the NPs did not change during the exposure period while the unchanged intensity 
implies that no NPs were lost or absorbed by the bacteria. In the case of the unfiltered 
suspension, the huge peak around 800 nm (Figure 6-23) represents the average hydrodynamic 
diameter of the bacteria cells. Due to the size of this peak the intensity of gold NPs was 
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nearly obscured. After filteration of the samples with a 100 nm filter and removing all 
bacterial cells the AuNP intensity has sharply increased. 
To confirm the stability of the NPs indicated by the DLS results, TEM samples were prepared 
at the end of the exposure period and images were taken directly after. The presence of stable 
gold NPs can be seen on and around the bacterial cells in the suspension in Figure 6-26. There 
was no sign of the NPs aggregation in the suspension. The extracellular polysaccharides 
(EPS) produced by the bacteria cells may have a similar stabilising effect on the NPs as 
natural organic matter. The effect of different natural humic substances on different NPs was 
studied previously and was reported that they stabilise NPs by coating them (Deonarine et al., 
2011, Akaighe et al., 2011).(Baalousha, 2009, Chen and Elimelech, 2007).  
 
 
Figure 6-26: TEM images showing stable citrate capped 14.7 nm core size AuNPs randomly distributed on and around the 
bacteria body.  Images were taken after 9 days of exposure.  
SPR spectra of the filtered bacteria suspension were recorded both at the start and after two 
days of exposure of gold NPs. The spectra have shown the characteristic absorption peak of 
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AuNPs around 520 nm. This peak was absent in the case of positive control ( MDM+ 
bacteria) and the results are summarised in Figure 6-27 below. 
Figure 6-27: SPR spectra measured with Uv-vis spectrophotometer of the citrate capped 14.8 nm core size AuNPs after 
exposure to bacteria suspension. All samples were filtered through 0.2 µm filter to remove bacteria cells. 
 
6.4.2.2 Characterisation of  PVP  capped AuNPs after exposure to bacteria  
 
Similarly, the PVP capped AuNPs was characterised after exposure time of two days in 
bacterial suspension. The characterisation techniques used for this purpose were DLS to 
measure the hydrodynamic diameter and to detect any aggregation that took place during the 
exposure. TEM was used to image the NPs in the suspension media and Uv-vis to record the 
surface Plasmon resonance (SPR) of the NPs. The measurement of the SPR serves to confirm 
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the presence of gold NPs qualitatively. The results from different characterisation techniques 
are summarised in Figure 6-28 below. 
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Figure 6-28: Characterisation of 1o nm core size PVP capped AuNP after exposure in bacteria suspension. a) is the DLS 
size distribution by intensity,  b) shows TEM images of  both the NPs and bacteria cells,   c) is the SPR of the NPs. 
Figure 6-28.a shows two peaks for the size distribution by intensity measured with DLS. The 
more intensity peak above 10 nm corresponds to the scattering of the NPs while the less 
intensity peak could be caused by loose PVP molecules which can pass through the pore size 
a b 
c 
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of the filter due to their narrow diameter. TEM images illustrated in Figure 6-28 b clearly 
show the presence of stable, spherical NPs in the suspension media. The images show both 
the NPs and bacteria cells. The presence of gold NPs at the end of the growth period is 
confirmed by the surface Plasmon resonance absorbance peak around 520 nm. MDM blank 
show no absorbance around 500 nm. 
 
6.5 Conclusion 
 
The main purpose of this chapter is to investigate the effect of the both the core size and the 
surface chemistry of NPs on environmental bacteria. Prior to the exposure to the bacteria, 
NPs were fully characterised and their stability in the bacterial growth media was 
investigated. The characterisation of the NPs in media is essential so that their effect on the 
bacteria cells can be compared and related to their properties in the media. Here, the 
behaviour of the AuNPs in different dilution of Minimal Davis media (MDM) was studied. 
The full strength media caused citrate capped NPs to aggregate immediately  as confirmed by 
instantaneous colour change followed by disappearing surface Plasmon which completely 
vanished within 24 hours. TEM images have also showed big aggregates of the particles 
while the PVP capped NPs are relatively more stable in the undiluted media. This media has 
high ionic strength. Therefore, charge stabilised citrate capped NPs normally aggregate in 
high ionic media. When the media was diluted 4 times or more and the ionic strength was 
reduced both types of particles (citrate capped and PVP capped) were stable in the diluted 
media for a period of 2 weeks as measured with DLS and supported by SPR spectra. The 
stability of the NPs in the diluted MDM media is further confirmed by the TEM images of 
the samples which clearly showed the presence of single spherical AuNPs in the bacterial 
suspension media. After completing the stability test investigations, 4x diluted MDM media 
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was chosen for the investigation of the effect of the gold nanoparticles of different sizes and 
different coating agents on the Pseudomonas fluorescens since this dilution has guaranteed 
both the stability of the NPs and the bacterial growth. Different types of the NPs have 
manifested different effects on the bacteria growth. While both sizes (5 and 14.8 nm) citrate 
capped AuNPs have slightly increased the bacteria growth, the 10 nm PVP capped AuNPs 
slowed down the growth slightly. This emphasises the importance of the coating agents 
around the NPs for the bacteria-NPs interaction. Apart from the NP-bacteria interaction, the 
effect of gold ions on the bacteria was investigated. Gold ions of similar concentration as NPs 
have completely inhibited the bacteria growth and caused the immediate death of the cells. 
The important implication for future practice which has been highlighted in this research is 
the importance of studying the stability of the NPs in the growth media prior to their exposure 
to the bacteria. Taken together, The results from this research has shown that AuNPs of 
similar core size may affect differently on the growth of bacterial cultures due to their 
different surface chemistry which is determined by the type of coating agents. 
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Chapter 7: Interaction of gold NPs on Pseudomonas Fluoroscens 
 
7.1 Introduction 
 
Bacterial cells are delimited by their cell wall and membrane which consists of outer and 
inner cytoplasm membrane. The outer membrane is the barrier which normally has a direct 
contact with the environmental surrounding wherein the bacteria are living (Figure 7-1). The 
physicochemical properties of the wall and outer membrane are crucial and determine how 
substrates including NPs interact with bacterial cells. Equally important are the nature and 
properties of the surface chemistry of the NPs presented by the coating agents though the 
importance of this outer layer is many times ignored (Luo et al., 2010).  
 
Figure 7-1: Schematic diagram showing details of  gram negative bacterial cell wall, outer and inner membrane.(Dahl, 
2008) 
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Any possible bacteria-NPs interaction is usually initialised by the interaction of outer 
membrane and the capping agents (Luo et al., 2010, Kang et al., 2007, Thill et al., 2006). This 
interaction  may be the result of electrostatic forces based on the charge of the approaching 
surfaces (Stoimenov et al., 2002). The overall surface charge of the two types of bacteria 
gram positive and gram negative is negative charge due to the surface chemistry of the outer 
membrane. The outer  membrane of the gram positive bacteria has  carboxyl groups which by 
deprotonation  form  a negatively charged surface (Yee et al., 2004). Similarly the charge of 
the gram negative is originated by lipopolysaccharides which together with phospholipids are 
the main constituents of the outer cell membrane (De Castro et al., 2008, Raetz, 1990). This 
means that NPs with similar core sizes and shape may have different effects on the bacteria 
due to their different surface chemistry caused by their coating agents which is the main 
means of keeping NPs dispersed and preventing them from aggregation.  
Depending on the type and surface structure of the NPs  on one hand and on the type of 
bacterial cell membrane on the other hand the interaction effect may be manifested in 
different structural changes of the membrane including blebbing and tubule formation 
(Stachowiak et al., 2010) and  enlargements of the membrane defects (Leroueil et al., 2007).  
Because of their long known antimicrobial effect, silver nanoparticles (Ag-NP) have been 
widely studied and previous studies on their interaction with the different bacteria have 
shown different effects on the surface of the bacteria. Bovine serum stabilised silver 
nanoparticles (Ag-NP) have repeatedly disrupted  and damaged the outer cell membrane of 
E.coli bacteria as studied by Pal et al (Pal et al., 2007). Membrane damages and formation of 
pits on the bacteria cell membrane caused by Ag-NP were reported by Sondi et al (Sondi and 
Salopek-Sondi, 2004).  
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Apart from the Ag-NPs, the interaction of bacteria with different surfaces and other types of 
nanoparticles were studied. The very abundant soil and water bacteria pseudomonas 
aurigenosa has developed a rigid cellular  outer membrane on hydrophilic surfaces while the 
membrane become relatively soft in hydrophobic substrates (Luo et al., 2010). The disruption 
of the cell membrane of the pseudomonas aurigenosa and the subsequent uncontrolled 
leakage of cell DNA was reported after interacting with diaminopyrimidineethiol-
functionalised, cationic 3 nm AuNPs (Zhao et al., 2010). Other studies (Stoimenov et al., 
2002, Zhang et al., 2007) on ZnO have revealed similar effects on the bacterial cell 
membrane where alterations of membrane architecture and its permeability were reported. 
For a more complete list of the effect of nanoparticles on different types of bacteria can be 
referred to the Table 2-3 and Table 2-4 in chapter 2. 
 Despite the above mentioned isolated findings the exact mechanisms of how both natural and 
engineered NPs interact with bacterial outer membrane still remain a matter of investigation 
and are not yet well understood (Hayden et al., 2012). In this study gold nanoparticles with 
two different capping agents (PVP and citrate) were exposed on Pseudomonas flourescens 
bacteria growing in a liquid Minimal Davis Media (MDM). The bacteria-AuNPs interaction 
was investigated using TEM (see sections 3.1.2 for a detailed theoretical background of these 
techniques). The overall aims of this research were threefold.  
 1) To study the distribution of the NPs on the surface of the bacteria,  
2) To observe any changes on the bacterial outer membrane  
3) To investigate whether NPs are internalised in the bacteria cells.  
Furthermore, any observed effect of the different surface chemistry of AuNPs on the bacteria 
membrane will be discussed and compared. 
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7.2 Results and discussion  
 
Prior to any effect caused by nanoparticles on the bacteria, the interaction between the outer 
cell membrane and the coating agents of the nanoparticls needs to take place. This bacteria-
NPs interaction is mediated by the properties of the outer membrane and the surface 
chemistry of the nanoparticls. The overall charge of the approaching surfaces may play a 
crucial role in this interaction. To confirm the charge of both AuNPs and Pseudomonas 
flourescens cells, the first measurement carried out prior to the bacteria- AuNPs interaction 
investigation was the measurement of the zeta potential as described in the following 
paragraphs. 
7.2.1 Zetapotential measurement of the AuNPs and pseudomonas flouresencs 
 
Charged particles in a solution are surrounded by ions of opposite charge which form a fixed 
layer around the charged particles.  Beyond this fixed layer, there is an electrically neutral 
diffusive layer. When charged particles are placed in an electric field they move toward the 
oppositely charged electrode together with the fixed layer and small portion of the diffusive 
layer called sliding surface. Zeta potential is the electrical potential on the sliding surface and 
it is a measurement of the stability of the charged particles in the sense that the higher the 
zeta potential is the more stable the particles in the solution are. Aggregation of the particles 
occurs when the value of the zeta potential tends to zero(Elimelech et al., 1995). The zeta 
potential of the freshly synthesised AuNPs, the bacterial growth media and the purified 
bacteria cells through washing with milli-Q and centrifugating three times with 5000 rpm for 
10 minutes were measured and summarised in Table 7-1 below. 
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Table 7-1: Electrokinetic properties of freshly synthesised AuNPs of different coating agents and bacteria cells both 
purified and in the growth media. 
Sample type  Zetapotential  
N= 5 
pH  Mobility 
N =5 
Freshly prepared citrate capped 
AuNPs 
-46.6 ± 2.4  -3.65 ± 0.19 
Freshly prepared PVP capped 
AuNPs 
-11.6 ± 1.3 7.63 -0.91 ± 0.10 
Bacteria in 4x diluted Minimal 
Davis Media (MDM) 
-29.0 ± 0.5 7.72 -2.27 ± 0.04 
Purified bacteria in Milli-Q 
(see above) 
-52.6 ± 0.8 6.79 -4.12 ± 0.07 
4x diluted MDM -34.3 ± 1.34 6.75 -2.69 ±0.10 
. 
The data in Table 7-1 shows that the zeta potential of citrate capped AuNPs are more 
negatively charged than the PVP capped AuNPs. This difference can be associated with the 
nature of the capping agents. Citrate is negatively charged ion dissociates from the three 
sodium citrate salt while PVP is long polymer with a limited dissociable functional groups 
(see Figure 7-2 below for the structure of citrate and PVP molecules). 
 
Figure 7-2: Structure of the a)  PVP and B) citrate showing that citrate has three charged carboxyl functional groups 
while PVP has no charged functional group (Fooladi, 2009)  
a b 
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Further, it is worth value to know that the overall charge on the surface of the purified 
bacteria cells presented by their zeta potential is highly negatively charged more than both 
types of the NPs used. 
7.2.2 Interaction of citrate capped AuNPs with the Pseudomonas flourescens 
 
Citrate capped gold nanoparticles (G2 see Table 4-1 for the experimental conditions and Table 
5-1 for detailed characterisation results of the sample) were added to the bacterial growth 
suspension in its exponential phase. After an incubation period of 2 days TEM samples were 
prepared through the drop method described in section 4.4.2  of the materials and 
methodology chapter and TEM images were recorded using  both  TEM JEOL 2100 and Jeol 
1200. The findings were summarised in the following two sections. 
7.2.2.1 Distribution of Citrate capped AuNPs on the surface body of the bacteria 
 
It is worth value to know that in contrast to recently published findings where the 
accumulation of cationic monolayer protected AuNP on specific location on the membrane of 
Escherichia coli (Hayden et al., 2012) here the distribution of the AuNPs is completely 
random on and around the surface of the body of the bacteria. There were no localised 
accumulation of the NPs nor were there any signs of aggregation observed as can be seen by 
8000x magnified images in Figure 7-3. This lack of self-organisation distribution of AuNP on 
the surface of bacteria (Staphylococus aureus) was previously reported by Chwalibog 
(Chwalibog, 2010). 
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Figure 7-3:TEM images showing the random distribution of stable citrate capped AuNPs on and around the surface of 
the un-sectioned whole bacterial body a) 8000x magnified images b) 25000x magnified image. 
 
This random distribution added to the lack of aggregation became more obvious through  the 
images taken with higher magnification of 25000x (Figure 7-3 b) which shows single rounded 
AuNPs on and around the curvature of smooth, undamaged cell membrane. The stability of 
the AuNPs in the bacteria suspension is clearly confirmed. 
7.2.2.2 Effect of citrate capped AuNPs on the outer membrane of the bacteria 
 
Figure 7-4 below illustrates bacterial samples treated with G2 AuNPs. Different images 
represent different magnifications. Special attention was paid to detect any structural changes 
of the outer membrane of the bacterial cells. The smooth, undamaged outer membrane 
demonstrated by all images indicates that citrate capped gold nanoparticles have no effect on 
the structure of the membrane. Although it may be expected that due to the electrostatic 
repulsion between the negatively charged nanoparticles and negatively charged cell 
membrane (as shown by the zeta potential in Table 7-1 above) close membrane-NP interaction 
does not occur, Figure 7-4 below shows AuNPs touching on the membrane as indicated by 
arrows. Another important point of finding is that the citrate on the surface of nanoparticles 
a b 
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was not used as carbon source by the Pseudomonas flourescens bacteria. If the citrate capped 
molecules on the surface of the nanoparticle were consumed and removed by bacteria, 
aggregation of AuNPs was inevitable but the very stable nanoparticles in the suspension 
throughout the exposure period clearly show that they remained coated and stabilised by the 
citrate. 
 
 
Figure 7-4: Images of bacterial cells treated with AuNPs capped with citrate. Arrows are indicating the stable AuNPs on 
the smooth, undamaged curvature of the bacterial cells. 
 
166 
 
7.2.3 Interaction of PVP capped NPs with the bacteria 
 
The first observation is that PVP capped AuNPs are quite stable in the bacterial growth 
suspension and there were neither aggregation nor shape transformations observable (Figure 
7-5). Furthermore, as in the case of citrate capped particles, the PVP capped particles are 
randomly distributed on and around the outer membrane of the bacteria cells.  Again here 
there are no localised accumulations of the NPs on specific areas of the bacteria body. 
Another important observation is that these cells treated with PVP capped NPs (Figure 7-5 
below) have produced more extracellular polysaccharides (EPS) pointed to with arrows 
between and around cells than the cells growing in blank media (see Figure 7-9 below for 
comparison). 
   
Figure 7-5: PVP capped AuNPs randomly distributed on and around Pseudomonas fluorescens cells. No 
aggregation of the NPs is visible in the bacteria growth media.  
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Unlike citrate capped AuNPs which have not shown any effect on the outer membrane of the 
bacterial cells, the effect of the PVP capped gold nanoparticles on the surface of the bacteria 
cells was apparent as can be seen in the following sections. 
7.2.3.1 Holes on the surface of the bacteria  
 
The severe damage on the outer membrane of the bacteria cells caused by the PVP capped 
AuNPs was manifested by the formation of wide holes on the surface of the membrane as 
presented with the TEM images in fFigure 7-6igure 6.6 below which are clearly showing this 
effect. Those holes which were absent in the images taken after the treatment of citrate 
capped AuNPs are much wider than the NPs (10 nm core size) treated. These wide holes may 
possibly facilitate the subsequent internalisation of the PVP capped gold nanoparticles in the 
cell. Similar effects caused by silver NPs on Escherichia coli were reported previously (Li et 
al., 2010b). Though the PVP molecules are slightly negatively charged, the electrostatic 
repulsion forces between the PVP capped gold nanoparticles and the outer membrane of the 
bacterial cells were not strong enough to prevent the adhesion of the PVP coated NPs on the 
outer-membrane facilitating the bacteria NPs interaction and the subsequent damage of the 
cell membrane. 
 
    
168 
 
    
 
Figure 7-6: Apparent pits and wide holes on the surface of the outer membrane of the Pseudomonas fluorescens caused 
by PVP capped AuNPs.  Images a and b are 8000x times magnified. c and d are 25000x magnified. 
7.2.3.2 Blebbing on the surface of the bacteria  
 
Another apparent effect on the surface of the outer- membrane of the bacteria cells caused by 
PVP capped AuNPs is the formation of blebbings which are abnormal vesicular outgrowths 
of the outer-membrane of the bacterial cells (indicated with arrows in Figure 7-7 below). 
Blebbings are clearly wider than NPs and some are around 100 nm in diameter (Figure 7-7 e.). 
Most Blebbings are more electron-dense then the rest of the bacteria cells which may indicate 
accumulation of NPs and the damaged material of the cell membrane. 
a b 
c d 
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Figure 7-7: TEM images showing the Blebbings on the surface of Pseudomonas fluorescens cell membrane as effect of 
PVP capped AuNPs. Arrows are pointing to the places of the blebbing on the surface of bacterial cells. 
170 
 
7.2.3.3 Bursting bacterial cells and tubular formations 
 
A more rigorous cell architecture damages than the previously mentioned blebbing 
formations are the complete bursting of some bacterial cells and the formation of long tubular 
structures on the surface of the outer membrane of the bacterial cells as shown in Figure 7-8 
below. Both of these damages were manifested by the bacterial cells treated with PVP capped 
gold NPs unlike the citrate capped and blank samples inFigure 7-9. 
 
 
Figure 7-8: Bursting bacterial cell top row and tubular structures on the surface of the cell membrane bottom row 
caused by the AuNPs capped with PVP. 
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7.2.4 Internalisation  of the NPs in the bacteria cells 
 
The toxicity of the NPs on the bacteria was many times attributed to the dissolved ions which 
easily follow through the cell membrane and manifest their toxicity in the cytoplasm (Ratte, 
1999, Sambhy et al., 2006). This toxicity of the ions was supported by the data presented in 
chapter 5 section 6.4.1.4 which shows complete inhibition of the bacteria growth after the 
Figure 7-9:TEM images of bacterial cells grown in blank Minimum Davis Media (MDM). Cell membranes are smooth and 
undamaged. 
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treatment of final concentration of 10 ppm gold ions. However, recent studies have reported 
the actual internalisation of the NPs in the bacterial cells and the presence of both Ag-NPs 
(Morones et al., 2005b) and metaloxides ( ZnO and MgO) (Sinha et al., 2011, Stoimenov et 
al., 2002) inside bacterial cells were confirmed.  
The wide holes on the outer membrane of the bacteria caused by the PVP capped NPs 
described above in section 7.2.3.1 may form easy pathways for the NPs to get inside the 
bacteria cells. To study these effect, bacterial cells in their exponential growth phase were 
treated with PVP capped NPs. After an 8-hour exposure bacterial cells were fixed using 
phosphate buffered non-coagulant dialdehyde glutaraldehyde fixative which stops all 
biochemical reaction through forming a covalent bonding bridge between proteins in the cells 
and making them insoluble. In this way, all biological activities were frozen and the structure 
of the samples was preserved. The so prepared samples were then sectioned into ultra-thin-
sections using ultra-microtone and stained with uranylacetate to provide contrast for the 
followed TEM imaging. Sections were placed on TEM copper grid and analysed using 
jeol2100 operating with 200KV (see section 3.1.2 in the methodology chapter for detailed 
description of the TEM microscope). Results were presented in Figure 7-10 below. 8 hours 
was chosen as exposure time since bacteria cells may die naturally if much longer time is 
waited and their membrane may get damaged if the time allocated for exposure is longer. 
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Figure 7-10: TEM images showing the sections of bacterial cells. Image c shows stable AuNPs outside the cells. Images c, 
e and f represent different magnifications and all show aggregates of more electron dense dark materials   in the cells as 
pointed with arrows. Sections d shows atable AuNPs distributed outside bacteria cells.  Sections a and b are lower 
magnifications and they only show bacterial cell sections. 
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Sections of the bacterial cells can be particularly seen in the top row of Figure 7-10. Bacterial 
cells were sectioned randomly in different positions. Some of them longitudinally in the 
whole length of the rode shape bacterial cells while others were sectioned halfway through or 
just the top of the cell was trimmed. The presence of stable gold NPs in extracellular media 
between sections of the bacterial cells can easily be seen in Figure 7-10 c and d as indicated 
with arrows. What is more interesting to observe are the darker electro-dense areas in some 
cells as shown in Figure 7-10  c, e and f and indicated with arrows. These can be aggregates of 
the NPs in the cells. To confirm whether or not the more electron-dense dots inside the 
sections of the bacterial cells are aggregates of AuNPs, EDX spectrum of a normal point in 
the cell was recorded (Figure 7-11 below) and compared with EDX spectra of the some black 
dots (Figure 7-12 below). 
 
Figure 7-11: EDX spectrum of a normal point inside the cell but outside the more electron-dense black areas in the  
bacterial cells. EDX spectrum were taken with Jeol 2100 TEM. 
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Figure 7-12: EDX spectra of black more electron-dense areas inside the bacterial cells sections. 
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The EDX spectra of the black dots which were presumably supposed to represent 
aggregations of AuNPs, have not shown the presence of gold element. Similarly, the EDX 
spectrum taken outside the black more electron-dense areas did not show any gold NPs. Since 
the main element present in the EDX analysis and shown in the spectra is copper, it is 
probably copper from the TEM grid that presents the black dots. Therefore, it can be 
concluded that internalisation of gold NPs in the Pseudomonas flourescens bacteria cells did 
not take place.  
7.3 Conclusion 
 
Finally, this study has shown that both citrate capped AuNPs and PVP capped AuNPs are 
very stable in the bacteria growth suspension. There were no aggregation or shape changes 
observable. Furthermore,  unlike citrate capped AuNPs which have not affected the 
membrane of the bacteria PVP capped AuNPs have a significant effect on the morphological 
structure of the outer membrane leading to the formation of wide holes, blebbing, tubular 
formation on the surface of bacteria membrane and complete bursting of the affected 
bacterial cells. Since citrate capped AuNPs are much more negatively charged than the PVP 
capped ones previous studies (Stoimenov et al., 2002, Hamouda and Baker, 2000) speculated 
the importance of electrostatic interaction for the bacteria-NPs interaction but in this study  
the actual contact of citrate capped NPs on the surface of the cell membrane is visualised. 
The two types of NPs used here were both spherical in shape and had similar sizes they do 
only differ in the coating agents. The environmental implication of this finding is that the 
effect of environmental NPs on microorganism is mainly determined by the type and surface 
chemistry of the coating agents such as organic humid substances.  
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Chapter 8: Conclusion and further work 
 
Nanotechnology is a quite recent and promising field due to the novel and useful applications 
of the nanomaterials (NM)) which form the basis for many technological fields and scientific 
areas. This field has opened the door for the production of uncountable new materials due to 
the discovery of fascinating and unique properties of the matter in the nanoscale. The 
influence of the nanotechnology on modern society is both explained and justified by the 
scale of the variety of scientific and technological applications using nano-based ideas. It is 
very clear that these products will sooner or later reach the environment. Although 
engineered nanoparticles are designed to fulfil a special purpose and we may have an idea 
about their original properties during their production, the fate and properties of the NPs, 
once released in the environment, may differ partially or completely from their original 
physicochemical properties due to a number of possible reasons: they may form aggregates of 
macroscale, get coated with organic matter in the environment or interact with other 
inorganic nanosized particles in nature. 
One of the most noteworthy facts to consider regarding nanoparticles is their impact on the 
natural environment both in short and long term exposures. It is interesting to note that the 
scientific community is more than ever ready and willing to know and assess the possible 
adverse effects of nanotechnology on the environment in order not to commit the past 
mistakes of producing, using and releasing new products (such as asbestos, plastic) into the 
environment without knowing their impact on different compartments of our planet. In fact, 
among all environmental compartments, the biomass population is by far the most vulnerable 
to the effects of the released products into the environment. 
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As part of the scientific curiosity of understanding the effects of the NPs in the environment, 
this study was set out to explore the effects of the NPs on planktonic bacteria abundant in the 
environment. The overall aim of the study was to investigate both the bacterial growth and 
the inhibition effect of the NP and the interaction of NPs on lab - grown bacteria and interpret 
this interaction in terms of property-response relationship. Special attention was paid to the 
effect of both core size and surface chemistry of the NPs on the bacteria by producing well 
constrained nanomaterials in terms of size, shape, dispersion and stability. Nanoparticles with 
core sizes varying from 5 nm to 85 nm and with two different coating agents were 
synthesised using wet chemistry bottom up synthesis methods. A comprehensive list of 
analytical and imaging techniques was used to fully characterise these freshly - synthesised 
NPs. Since the size, shape and monodispersity of gold NPs are fundamental features of their 
effect on the living organisms, these fully - characterised gold NPs can form a reliable basis 
for a potential reference material which helps the identification of the ecotoxicological effects 
caused by certain nano-property. The range of sizes and coating agents will provide more 
versatility for the study of property – effect relationship in (eco) toxicology studies. The 
stability of the AuNPs for a period of at least six months was monitored. The NPs showed no 
change in size and shape. The need for testing the stability of the NPs in the bacterial growth 
media and for fully characterising them in the media in terms of their original 
physicochemical properties - such as size and shape prior to the exposure process - is 
profoundly important since the media conditions may alter the intrinsic properties of the NPs 
and, therefore, make it difficult to interpret any possible effect.  
After extensive characterisation of the NPs in the coating agent media and bacterial growth 
media (Minimal Davis Media), the effect of the size and coating agents on environmental 
abundant bacteria Pseudomonas fluorescens were investigated. Nanoparticles of comparable 
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size and concentration but with different coating agents were exposed to the bacteria. It was 
found out that NPs with different coating agents of similar final concentrations manifested 
different effects on the bacteria exposed. PVP coated 10 nm core sizes gold NPs with final 
concentration of 10 ppm have reduced the growth of bacteria compared to the Minimum 
Davis Media blank. This adverse effect was manifested by the bacterial cells in the form of 
outer membrane damage as confirmed by the TEM images of the cells. Blebbings and tubular 
formation on the surface of the bacterial outer membrane and wide holes on the membrane 
were signs of membrane damages after NPs exposure. Complete bursting of effected bacterial 
cells was also visualised. In contrast, citrate - capped NPs of similar concentration and core 
size as the aforementioned PVP coated NPs have slightly increased the growth of the bacteria 
This finding supports the idea that surface chemistry of the NPs is a very important factor in 
terms of the effect of the NPs on the bacterial cells. Any interaction between the NPs and the 
bacterial cells starts with the contact of the coating agent of the NPs on the outer cell 
membrane. Consequently, the bacteria was grown in both PVP and citrate solution without 
any other carbon source. It was found out that bacteria can utilise citrate as carbon source but 
not the PVP. This finding has explained why bacteria growth was slightly increased in the 
citrate - capped NPs solution. Finally, gold ions of similar concentration as the above - 
mentioned NPs solutions have completely inhibited the bacteria growth and caused the 
immediate death of the bacterial cells.  
What makes this research unique and different from many ecotoxicology studies is the four - 
step process employed here: 
  Synthesising well - constrained NPs. 
 Fully characterising them and studying their stability for the relevant period of time. 
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 Characterising the NPs in the bacterial growth media prior to the bacterial exposure to 
ensure any change of the physicochemical properties of the NPs in the media since 
any property change may complicate the data interpretation after exposure. 
 Post exposure characterisation of both NPs and bacterial cells. 
The aforementioned four steps are necessary to carry out in order to relate NPs 
property to the cell response. Although it is possible that some researches have 
characterised the NPs after synthesis, studies that sought to fully characterise the NPs 
both in the growth media and after exposure are rare or non – existent. 
Notwithstanding the fact that the effect of the coating agents on the outer cell 
membrane is visualised in the form of blebbing and wide wholes on the surface of the 
membrane, the nature and the mechanisms of the interaction between NPs and cells 
need further research. The bacterial population in the environment can exist either as 
unicellular planktonic or in more sessile communities in the form of biofilm. 
Therefore, both the transport of the NPs in the biofilm and their effects on the 
structure of the biofilm will be an interesting area for further investigation and will 
contribute to our understanding of this relatively new technology on the natural 
environment.   
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APPENDIX A:  TEM images of the synthesised gold nanoparticles: one 
sample from each coating agents 
Appendix A1:  TEM images of G2  (citrate capped) 
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Appendix A2: TEM images of G5 (PVP capped) 
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